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ABSTRACT 
Air pollution is an important environmental health factor contributing to the burden of 
disease. From a public health point of view cardiovascular effects of long-term exposure are 
predominant, primarily coronary events and stroke. However, sub-types of disease have not 
been well investigated and few studies have been conducted in areas with lower air pollution 
levels. The role of timing of exposure is also unclear. 
In epidemiological studies different types of models are used to estimate exposure of study 
participants. It is therefore important to understand if modeled levels are similar for different 
model types. Furthermore, there is a need to develop better modeling techniques, and it has 
been proposed to combine models into so called hybrid models. 
The aim of this thesis was to investigate the relation between individual long-term air 
pollution exposure from road traffic and the risk of coronary events and stroke in an area with 
comparatively low exposure levels, while considering timing of exposure. Furthermore a 
comparison of dispersion modeling (DM) and land use regression (LUR) was done in several 
study areas and a hybrid model based on DM and LUR was developed for Stockholm.  
From four cohorts in Stockholm County, 20070 individuals were followed for an average of 
12 years. Information on covariates was available from questionnaires and interviews from 
the time of recruitment. Air pollution exposure from traffic was assessed at residential 
addresses during follow-up using dispersion modeled levels of nitrogen oxides (NOx), as a 
marker of exhaust emissions, and particles with an aerodynamic diameter of <10 µm (PM10), 
as a marker of road dust. A suggestive association between road traffic exposure at the 
recruitment address and cardiovascular disease incidence was seen. For NOx the hazard ratio 
for stroke and coronary events per 20μg/m3 was 1.16 (0.83 -1.61) and 1.02 (0.82-1.27), 
respectively. Corresponding hazard ratios for PM10 were 1.14 (0.68-1.90) and 1.14 (0.87-
1.49), respectively, per 10μg/m3. Results did not appear to be modified by covariates, disease 
sub-types or exposure time windows.  
LUR models and DMs were compared in 4 to13 European study areas depending on the 
pollutant.  At study addresses, the median Pearson correlation (range) for annual mean 
concentrations of NO2, PM10 and PM2.5 were: 0.75 (0.19–0.89), 0.39 (0.23–0.66) and 0.29 
(0.22–0.81). A hybrid model was developed for Stockholm for 93 bi-weekly NOx 
observations using DM estimates, LUR variables, stationary monitoring and individual 
meteorological factors. The hybrid model explained NOx levels at monitoring stations better 
(R
2
 =89%) than the LUR and DM models (R
2
 =58% and R
2
 =68%, respectively). 
In conclusion, our results suggest an elevated risk of coronary events and stroke related to 
traffic air pollution exposures in Stockholm County, however, no modification by time 
window of exposure could be detected. On average, estimates from LUR and DMs correlate 
well for NO2 but less so for particulates. To combine DM and LUR seems promising for 
increasing the quality of the exposure assessment. 
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1 INTRODUCTION 
Exposure to ambient air pollution has since long been associated with adverse health effects. 
Early studies concerned extreme outbreaks such as the Meuse Valley fog in 1930 (Roholm 
1937, Nemery, Hoet et al. 2001) and the London smog episode in 1952 (Wilkins 1954, Davis 
2002),  harvesting 12000 excess deaths during peak exposure and the following two months. 
The “new” era of air pollution epidemiology started with the land mark study called the 
Harvard six cites study, which indicated adverse health effects following long-term exposure 
at much lower air pollution levels than in the earlier smog episodes (Dockery, Pope et al. 
1993). Today, the estimated health effects of exposure to ambient particulate air pollution 
globally are massive. In a recent assessment of several major risk factors influencing the 
global burden of disease, the joint effect of outdoor and indoor particulate air pollution in 
2010 was estimated to cause between 5.3 and 7.9 million premature deaths. When 
considering outdoor ambient air pollution specifically the estimates ranged between 2.6 
million to 4.4 million deaths (Lim, Vos et al. 2012). According to data these deaths were 
mainly related to ischemic heart disease and stroke, together responsible for 80% of all events 
(WHO 2014a). The corresponding yearly excess mortality due to outdoor air pollution in 
Europe was 482000 deaths. In addition, air pollution causes a number of non-lethal effects 
such as cardiovascular and respiratory diseases in adults as well as asthma and lung function 
disturbances in children. 
 
1.1 AMBIENT AIR POLLUTION 
Air pollution can be defined as substances in ambient air with negative effects on health and 
the environment. It is a dynamic mixture of particles and gases from multiple sources, which 
can be natural, such as dust storms, wild fires, pollen or sea spray, or anthropogenic 
(manmade) such as industrial activity, biomass burning and road traffic. Directly emitted 
pollutants are called “primary”, while pollutants formed in the air from primary pollutants are 
called “secondary”. 
Nitrogen oxides (NOx) are used in this study as a marker of vehicle exhaust emissions and are 
formed from nitrogen and oxygen in air by combustion at high temperatures. NOx emitted 
into the ambient air consists of the primary pollutant nitric oxide (NO) which by the 
interaction with ozone and oxygen in air forms the secondary pollutant nitrogen dioxide 
(NO2). Depending on the source significant amounts of NO2 may also be emitted directly. 
The main source of NOx emissions in urban areas are vehicles. Other gases directly emitted 
via combustion processes include sulphur oxides (SOx) and carbon monoxide (CO). Another 
secondary pollutant is ozone (O3) formed by reactions of NO2 and volatile organic 
compounds, or naturally, in the presence of sunlight.  Furthermore, in the presence of solar 
radiation NO2 is also slowly converted into constituents of particulate matter via nitric acid 
(HNO3) (WHO 2013). 
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Particulate matter (PM) is a complex mixture of substances in both solid and liquid form 
varying in size and composition. Main components include sulfate, nitrates, ammonia, 
sodium chloride, black carbon, mineral dust and water (Schwarze, Ovrevik et al. 2006, Kelly 
and Fussell 2012). PM is defined according to particle size, where different sizes have 
different aerodynamic properties as well as composition. Both size and composition are 
related to the characteristics of the source. Furthermore, the size of the particles influences 
transportation and deposition, both in the environment and within the human respiratory 
system. The largest inhalable particle fraction PM10 (PM with an aerodynamic diameter < 10 
µm) includes all smaller PM sizes and may have both anthropogenic and biogenic sources. 
The coarse fraction PM10-2.5 is mainly composed out of crustal materials and such particles 
are able to reach the upper bronchial tract. Another size fraction, PM2.5 (PM with an 
aerodynamic diameter < 2.5 µm) or so called fine particles are primarily derived from 
combustion processes. These particles are able to deposit deep in the respiratory tract. The 
PM2.5 size fraction also includes ultrafine particles or PM0.1 which may penetrate into the 
alveoli and possibly reach into the circulatory system (Brunekreef and Holgate 2002, Brook, 
Rajagopalan et al. 2010, Chin 2015). In this thesis traffic-related PM10 is used as a proxy for 
road dust from road wear, and other grinding mechanisms involving breaks, clutches and 
tires. 
 
1.2 EXPOSURE TO AIR POLLUTION 
Air pollution exposure on a population or individual level depends on the combination of 
both pollutant characteristics and temporal patterns of emission sources and weather. For 
example, air pollution emissions from traffic vary with daily cycles in traffic intensity 
together with weather patterns which in turn are dependent on season. In addition, variations 
in solar radiation and temperature have an important role for the formation of air pollutants 
(Brook, Rajagopalan et al. 2010). The subsequent spread of pollution from the source is 
further dependent on the formation rate of the pollutant and its atmospheric lifetime 
(dependent on the size fraction and reactivity) together with meteorological effects such as 
wind speed, stability and direction but also infrastructural features able to both shield from 
and trap (accumulate) air pollutants.  Thus, air pollution levels in cities may vary within 
meters (Briggs, de Hoogh et al. 2000, Durant, Ash et al. 2010). Personal air pollution 
exposure is dependent on the individual’s life patterns such as choice of living area, which is 
often related to socioeconomic features (Filleul and Harrabi 2004). The type and geographic 
location of the work place, and the time and way of commuting add further variation in the 
exposure (Ozkaynak, Baxter et al. 2013). For example, variation in individual exposure has 
been observed when comparing walking, biking and commuting by car or buss using 
personal monitoring (Briggs, de Hoogh et al. 2008, de Nazelle, Fruin et al. 2012). Techniques 
based on individual exposure measurements are not easily extrapolated to epidemiological 
studies including large amounts of participants (Ragettli, Phuleria et al. 2015).  
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However, dispersion modeled exposure at home address and workplace level has been shown 
to capture daily individual exposure variation measured by personal monitoring (Bellander, 
Wichmann et al. 2012). Another important source is air pollution generated indoors. People 
spend most of the time indoors, especially chronically ill, very young or old individuals 
(WHO 2013). Studies indicate that ambient air pollution exposure is modified both by time 
spent indoors and seasonality in particle infiltration (Hänninen, Hoek et al. 2011). Globally, 
health risks related to indoor air pollution are overrepresented in the low and middle income 
countries and often related to burning of solid fuel and indoor cooking (WHO 2014b). 
 
1.3 AIR POLLUTION MODELING 
During the evolution of exposure modeling and air pollution risk studies, the increase in 
computational capacity together with developed software such as geographical information 
systems and constantly refined study designs have allowed us to trace health effects to types 
of pollution sources and to adjust for time-related variations in source strength and 
meteorology on different geographical levels. Early exposure assessment was conducted on 
large spatial scales (city) and exposure estimates attributed to a specific population were even 
based on a single monitoring site (Dockery, Pope et al. 1993). 
Subsequent advancements included estimating exposure  on much  finer  scales, capturing 
intra-urban (HEI 2010) as well as temporally resolved exposure variation (Bellander, 
Berglind et al. 2001, Johansson, Burman et al. 2009). Large intra-urban variations have been 
found in monitoring studies (Cyrys, Eeftens et al. 2012), which confirms the importance of 
techniques able to adjust for the small scale spatial variability in air pollution. Today, two 
alternative methods describing small scale variations in air pollution are dispersion modeling 
(DM) and land use regression modeling (LUR).  
 Dispersion models combine input data on emissions from point sources (for example 
chimneys), line sources (such as road traffic), area sources (e.g. port area), meteorological 
conditions including wind speed, direction and stability, solar radiation, temperature and 
topography (Bellander, Berglind et al. 2001, Jerrett, Arain et al. 2005). Emissions from traffic 
are calculated based on the combination of source intensities and source specific emission 
factors adjusting emission calculations for characteristics such as car fleet composition, types 
of fuels etc. Data are usually combined in a Gaussian plume equation where the geographical 
distribution and pollutant levels are calculated based on deterministic assumptions of the 
atmospheric dispersion of the pollutants (Bellander, Berglind et al. 2001). DM can calculate 
levels of air pollution at any time scale and for different geographical resolutions such as 
local and regional scales or at receptor points. Furthermore, dispersion modeling can include 
adjustments for street canyon effects leading to elevated pollution in streetscapes surrounded 
by buildings (Hertel, Berkowicz et al. 1991, Raaschou-Nielsen, Hertel et al. 2000). DMs are 
generally calibrated against monitored levels of air pollution (Bellander, Berglind et al. 
2001).  
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In land use regression modeling, monitored pollution variability in an area is related to area 
characteristics potentially affecting pollution concentrations, commonly through a multiple 
linear regression technique. Measured air pollution levels are retrieved from stationary 
national or regional monitoring or by monitoring campaigns. In campaigns, monitors can be 
distributed to obtain data for specific scientific aims. Although monitoring is often conducted 
in shorter time periods, the observations may be adjusted for seasonal variation and other 
time trends using stationary data. Typical predictors of air pollution include different types of 
data on traffic, population and land use (vegetation and urbanization) retrieved from 
geographical information systems (GIS). Using GIS, usually the distance to a predictor (e.g. a 
road of a certain class) or the amount of predictor (population, land use etc.) within a buffer 
circle around each monitor is calculated. LUR models are calibrated by regressing predictor 
variables against monitored concentrations, and the final LUR model is established by 
inclusion of the predictors that together explain most of the exposure variability. Data on 
these predictors are then extracted for sites aimed for exposure assessment and used together 
with the established regression formula (Briggs, Collins et al. 1997, Jerrett, Arain et al. 2005). 
Future exposure modeling in the form of hybrid models that combine existing data and 
techniques have been proposed. Such models are anticipated to further minimize exposure 
error in epidemiological studies, and thus help to increase the accuracy and precision of 
exposure-response functions (Jerrett, Arain et al. 2005).  
DM and LUR are commonly used for air pollution risk assessment but not often in 
combination. The models have different strengths and weaknesses. DM models are often 
calibrated against one or a few stationary monitoring sites. However, central site monitoring 
sites do not completely represent the population exposure, particularly for air pollutants with 
high spatial variability (Ozkaynak, Baxter et al. 2013). Therefore, a possible optimization of 
DM could be the inclusion of data from techniques based on larger monitoring networks in 
the same region. LUR is often based on dense monitoring campaigns. On the other hand, 
traditional LUR modeling does not include the interaction between meteorology and traffic 
(Wilton, Szpiro et al. 2010), which can be done with DM on any time scale. LUR models also 
have difficulties to capture elevated pollution levels due to street-canyon effects (Beelen, 
Hoek et al. 2008). Some street-canyon adjustments for LUR exist but are oversimplifications 
(Brauer, Hoek et al. 2003) and difficult to apply to larger amount of addresses or in cities 
with complex street compositions or does only enhance the LUR model marginally (Eeftens, 
Beekhuizen et al. 2013). For DM, street-canyon adjustments have been developed and used in 
epidemiological studies (Gruzieva, Bellander et al. 2012). Earlier combinations of  LUR and 
meteorological factors as well as exposure estimates from simpler DM have been successful 
(Wilton, Szpiro et al. 2010). In general, model mixing leads to better resolution or a better 
coverage of factors relevant for the pollution concentrations (Ozkaynak, Baxter et al. 2013), 
which brings promise to future DM-LUR hybrid models. 
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1.4 CARDIOVASCULAR EFFECTS ASSOCIATED WITH AIR POLLUTION 
Cardiovascular disease (CVD) is a general term for disorders of the heart and blood vessels. 
Types of CVD include coronary heart disease from complications due to depleted or limited 
supply of blood to the heart, rheumatic heart disease (heart valve damage due to rheumatic 
fever) and congenital heart disease (malformed heart structure), as well as cerebrovascular 
disease due to disturbed flow in blood vessels supplying the brain (Martinelli, Olivieri et al. 
2013). A large amount of studies relating long-term air pollution exposure to various 
cardiovascular conditions and diseases have been published (Brook, Rajagopalan et al. 2010, 
Hoek, Krishnan et al. 2013, WHO 2013) Associations have been found (mainly for PM) with 
the development of ischemic heart disease, heart failure, cerebrovascular disease, 
atherosclerosis, hypertension, and cardiovascular mortality. Proposed pathophysiological 
mechanisms include systemic inflammation, oxidative stress, imbalance in the autonomic 
nervous system, endothelial dysfunction, vasoconstriction, thrombosis and epigenetic 
modifications (Newby, Mannucci et al. 2015). Epidemiological findings have been supported 
by experimental studies focusing on mechanisms. The pathway with best experimental 
support is a PM induced provocation of inflammatory response and oxidative stress in the 
lungs spilling over into systemic inflammation (Brook, Rajagopalan et al. 2010, Chin 2015). 
When investigating coronary events (CE) in relation to long-term air pollution exposure most 
studies focused on mortality, mainly finding increased risks (Hoek, Krishnan et al. 2013). In 
comparison, non-fatal CE events have been studied less well even though these constitute the 
majority of the cases. The few cohort studies on the association between non-fatal CE and 
long-term PM10 exposure show varying results, and no association has generally been found 
for NO2/NOx exposure (Miller, Siscovick et al. 2007, Lipsett, Ostro et al. 2011, Puett, Hart et 
al. 2011, Atkinson, Carey et al. 2013, Cesaroni, Forastiere et al. 2014, Katsoulis, 
Dimakopoulou et al. 2014). Similar results were found in studies on myocardial infarction 
and long-term exposure to air pollution from traffic, suggesting stronger associations for fatal 
compared to non-fatal events (Miller, Siscovick et al. 2007, Puett, Schwartz et al. 2008, 
Rosenlund, Bellander et al. 2009). The evidence on the associations between cerebrovascular 
incidence or mortality and long-term air pollution exposure, is limited and conflicting 
(Nafstad, Haheim et al. 2004, Pope, Burnett et al. 2004, Miller, Siscovick et al. 2007, 
Andersen, Kristiansen et al. 2012, Stafoggia, Cesaroni et al. 2014). Still, studies on short-term 
exposure have reported associations both for mortality, and hospital admissions due to stroke 
(Brook, Rajagopalan et al. 2010), primarily in mid- and low income countries (Shah, Lee et 
al. 2015). Most studies on long-term air pollution exposure and cardiovascular events have 
been conducted in or included areas with pollution exposure exceeding the WHO guidelines, 
e.g. 20µg/m
3
 for PM10. However, recent findings suggest a lack of a threshold level for the air 
pollution effect on cardiovascular events (Brook, Rajagopalan et al. 2010, Cesaroni, 
Forastiere et al. 2014). There is a need for more studies on health effects in regions with air 
pollution levels below current guidelines. 
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Short-term air pollution exposure is an established trigger of cardiovascular disease (Brook, 
Rajagopalan et al. 2010), however, the role of timing related to long term exposure is not well 
understood. An Irish intervention study found a decrease in cardiovascular mortality within a 
year after drastically decreased levels of black smoke (Clancy et al., 2002). When 
investigating cardiovascular mortality (Laden, Schwartz et al. 2006)  and myocardial 
infarction (Zanobetti and Schwartz, 2007) in relation to different exposure time-periods, a 
stronger effect was found for exposure within a few years of the event compared to other 
time-periods. On the contrary, other studies failed to find time-windows of particular 
importance in relation to CE (Nafstad, Haheim et al. 2004, Puett, Hart et al. 2009, Puett, Hart 
et al. 2011, Chen, Goldberg et al. 2013). Similar results were found for the risk of stroke 
(Nafstad, Haheim et al. 2004, Puett, Hart et al. 2011, Chen, Zhang et al. 2013), however, 
most of the studies on cerebrovascular effects of air pollution did not assess exposure time 
windows. 
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1.5 AIMS 
The main aims of this thesis were to investigate the association between air pollution and 
cardiovascular disease at the lower range of previously studied exposures, and to develop the 
exposure assessment methodology.  
The specific aims were 
 To investigate the effect of long term exposure to traffic-related air pollution on the 
risk of coronary events and stroke 
 To assess the role of different exposure-time windows for the risk of cardiovascular 
disease related to air pollution exposure 
 To investigate if  the choice of exposure model (land use regression and dispersion 
models) has an effect on air pollution levels attributed to study populations  
 To create a hybrid model by combining land use regression and dispersion modeling 
aimed at improving exposure assessment  
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2 MATERIAL AND METHODS 
 
2.1 STUDY POPULATION 
In paper I and II relating air pollution exposure to risk of cardiovascular disease, four cohorts 
located in Stockholm County, Sweden, were used. The cohorts were “the Stockholm Diabetes 
Preventive Program” (SDPP),“ the cohort study of 60 year olds” (SIXTY), “the Screening 
Across the Lifespan Twin Study” (SALT) and “ the Swedish National study of Aging and 
Care in Kungsholmen” (SNACK). Furthermore, the addresses of study subjects in these 
cohorts were also used in paper III, comparing modeled levels of air pollution from land use 
regression (LUR) and dispersion modeling (DM) in several European study areas. This paper 
was part of the multicenter collaboration project ESCAPE “The European Study of Cohorts 
for Air Pollution Effects “. In Paper IV, data linked to study subjects were not used. 
2.1.1 The Stockholm Diabetes Preventive Program (SDPP) 
From this population-based prospective study all men recruited into the cohort 1992-1994 
(n=3128) and women recruited in 1996-1998 (4821) were used in paper I and II. The 
catchment area included five municipalities in Stockholm County (Sigtuna, Upplands Väsby, 
Värmdö, Upplands Bro and Tyresö) and the initial recruitment involved all citizens aged 35-
56 years at the time of the initial questionnaire. Seventy-nine percent of the men and 85% of 
the women responded to a short postal questionnaire regarding their family history of 
diabetes (FHD), defined as diabetes in one first degree relative or two second degree 
relatives. From these, all respondents that reported FHD (n=5689) and 424 women with 
gestational diabetes as well as an age and sex adjusted sample of non FHD respondents 
(n=5921) were invited for a base-line survey. Respondents were excluded from follow-up if 
they had a diagnosis of diabetes, were of foreign origin or the information on FHD was 
unclear, leaving 7949 study subjects (Eriksson, Ekbom et al. 2008). Furthermore, for the 
purpose of study I and II, individuals should not have insufficient address information 
(therefore missing exposure) at any addresses or missing data on any of the confounders. The 
final number of participants from the SDPP study was 7451 in paper I and 7450 in paper II 
(Table 1). 
2.1.2 The cohort study of 60 year olds (SIXTY) 
The aim of the cohort study of 60 year olds (SIXTY) was to identify biological and socio-
economical risk factors and predictors for cardiovascular disease (Wandell, Wajngot et al. 
2007). An invitation was sent out to every third individual living in Stockholm County who 
had turned 60 years of age between August 1997 and March 1999. A total of 5460 
participants, 2779 men and 2681 women, were invited with an overall participation rate of  
77%  (n=4228). At study entry a questionnaire was filled in.  
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For the purpose of study I and II, eligible individuals should not participate in any of the other 
cohorts, have insufficient address information/missing exposure data or missing data on any 
of the confounders, leaving 3697 study participants (Table 1). 
2.1.3 The Screening Across the Lifespan Twin Study (SALT) 
In the Screening Across the Lifespan Twin Study (SALT) all twins born in Sweden before 
1958 were screened for the most common complex diseases, including cardiovascular 
diseases (Lichtenstein, Sullivan et al. 2006). Participants were recruited at two stages between 
1998-2002 starting with twins over 65 years of age at the time of the interview and then 
younger twins. For all recruited participants a computer assisted telephone interview was 
conducted, including the collection of information on risk factors of cardiovascular disease.  
For individuals born 1886-1925, the response rate of eligible subjects (alive and living in 
Sweden) was 65 %. The response rate for twins born 1926-1958 was 74%, leaving 20839 
male and 22186 female twins.  For the purpose of study I and II, the SALT participants 
residing in Stockholm County at recruitment were included, resulting in 7043 subjects with 
an age range of 42-100 years at recruitment. After exclusions due to participation in earlier 
cohorts, having missing information on exposure or in any covariate the total number for 
analysis was 6006 in paper I and 6004 paper II (Table 1). 
2.1.4 The Swedish National study of Aging and Care in Kungsholmen 
(SNACK) 
The Swedish National study of Aging and Care in Kungsholmen (SNACK) is an ongoing 
longitudinal study including randomly sampled individuals that were >=60 years old between 
March 2001 and August 2004 living in Kungsholmen in Stockholm City (Lagergren, 
Fratiglioni et al. 2004, Santoni, Angleman et al. 2015). The cohort was set up to investigate 
various health processes associated with aging as well as to identify intervention strategies to 
improve health care in the elderly. Study participants were stratified for age and year of 
assessment and investigated in sub-cohorts (60, 66, 72, 78, 81, 84, 87, 90, 93, 96, and 99+ 
year of age). Information on confounders was collected through interviews, clinical 
examinations, cognitive assessment and examinations of physical function. Out of 
5111invited individuals, 521 were excluded due to, death before study entry, deafness, being 
non-traceable, had moved from Kungsholmen or were non-Swedish speakers. 1227 declined 
participation leaving 3363 study subjects (a participation rate of 73%) of 60-104 years of age. 
The final number of eligible study subjects in papers I and II were 2916 and 2917, 
respectively (Table 1). 
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 Table 1. Number of individuals included in the analysis of four cohorts from Stockholm County 
Cohort
 SDPP SIXTY SALT SNACK 
Number of  recruited 7949 4232 7043 3363 
Reasons for exclusion     
Participation in more than one 
cohort
a
 
0 8 159 78 
Missing exposure data for 
time-window
b
 111 47 168 17 
Missing data on covariates 387 480 710 352 
Total number in analysis 
(% of number recruited) 
7451 (94%) 3697 (87%) 6006 (85%) 2916 (87%) 
 
a  
Subjects are included in the first cohort into which they were recruited. 
 b 
Subjects may have moved in and out from the study area in time periods earlier than study 
entry, leading to missing exposure in time-windows and therefore exclusion. 
Note: Similar exclusions were made in paper II with the final number of participants of 7450 in 
SDPP, 3697 in SIXTY, 6004 in SALT and 2917 in SNACK. 
 
2.1.5 The European Study of Cohorts for Air Pollution Effects 
This multi-center study abbreviated ESCAPE was designed to investigate the effects of long-
term air pollution exposure on diverse health outcomes by the use of existing cohorts across 
Europe (www.escapeproject.eu). For the purpose of study III, 13 European cohorts were 
selected based on accessibility of data from both dispersion and land use regression 
modeling. The cohorts were located in Umeå, Stockholm, Helsinki-Vantaa, Bradford, 
London, The Netherlands, the Ruhr area, Basel, Geneva, Lugano, Rome, Barcelona and 
Athens. Across participating cohorts, the number of residential addresses ranged between 
39409 in Stockholm to 737 in Geneva. The original purpose of the cohorts varied but all were 
used for studies relating air pollution to different health outcomes. 
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2.2 EXPOSURE ASSESSMENT  
In papers I, II and III long-term air pollution exposure levels from traffic were calculated as 
annual means at subject-specific residential addresses (at study entry and during follow-up) 
using a dispersion modeling (DM) system described previously (Bellander, Berglind et al. 
2001). Briefly, for each participant in the four cohorts, a residential history covering 1991 to 
2010 was retrieved from the Swedish tax authorities. Address history earlier than 1991 was 
also known for participants if they lived on the same address before this year. Ninety percent 
of the addresses were directly transferable into geographical coordinates by matching with 
databases at the Swedish Mapping Cadastral and Land Registration Authority. A remaining 
9% were geocoded manually while 1% of the addresses were non-traceable. 
For every geocoded address, annual mean levels of traffic-derived PM10 (marker of road 
dust) and NOx (marker of tail pipe emissions) were modeled from 1987 to the end of follow-
up (2011) using the Airviro Air Quality Management system (SMHI, Norrköping, Sweden 
http://airviro.smhi.se). Information on emission sources (local road traffic) were retrieved 
from an inventory provided by the Stockholm and Uppsala County Air Quality Management 
Association. This inventory includes a map covering 90% of the trafficked roads in the form 
of road links (Johansson, Hadenius et al. 1999). Every road link contains information on 
traffic related data such as traffic intensities the share of heavy traffic and speed limits. The 
inventory is updated yearly since 1993, although traffic counts were not updated yearly for all 
streets. In study I, II and III, the emission inventory for the year 2004 was used. However, for 
calculations of NOx the traffic intensities were re-scaled during follow-up using annual data 
on average traffic intensities in central parts of Stockholm. To calculate pollution levels at the 
road links of the road map, the EVA (Effects at Road Analysis) model of the Swedish 
Transport Administration was used. In the EVA model, the emission inventory data were 
combined with emission factors for tail pipe (NOx) and road wear (PM10) and levels were 
estimated during follow-up. For the NOx calculations emission factors updated every five 
years from 1990 to 2010 were used. For PM10 the levels of road wear were assumed stable 
over the time period and emission scenarios were used from the year 2004. The described 
exposure scenarios were adjusted for car fleet composition, share of diesel cars and the 
composition of the vehicle fleet in terms of European emission standards (Euro classification) 
for different years. Non-exhaust PM, including road, break and tire wear particles, was also 
included in the model. The emission concentrations at road links, together with wind fields 
(attained from a wind model based on local climatology) were used in a Gaussian air quality 
dispersion model. The model calculated the meteorological spread of annual mean NOx and 
PM10 with a spatial resolution of 25x25 to 500x500 meters depending on area type (city, 
urban, rural) in Stockholm County. For addresses where pollution levels were influenced by a 
street canyon effect, a contribution was calculated using the SMHI-Airviro street canyon 
model (http://airviro.smhi.se). 
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In paper III the difference in estimated levels of various air pollutants from DM and LUR 
models were explored. For this purpose, study area specific DMs and LUR models were 
used. Three different types of DMs were used: the Gaussian plume model (used in 10 study 
areas), Eulerian or chemical transport models (2 study areas) and the computational fluid 
dynamic model (1 area).  
The development of land use regression models was harmonized over study areas within the 
ESCAPE project and detailed information on LUR model development has been documented 
earlier (Eeftens, Beelen et al. 2012, Beelen, Hoek et al. 2013, de Hoogh, Wang et al. 2013). 
Briefly, a monitoring campaign was initiated in the different study areas between 2008 and 
2011. Ogawa badges were used to measure NO2 and NOx levels and Harvard Impactors were 
used for monitoring of particulate matter of different sizes (Cyrys, Eeftens et al. 2012). The 
number of monitors used to measure the pollutant levels in study III were 20-40 for NO2 in 
each study area and 13-34 monitors for PM10, PM2.5 and PM2.5 absorbance. Monitors were 
positioned to include regional, urban and traffic sites with more densely distributed 
monitoring in areas with more small scale pollution variability. For the purpose of the 
ESCAPE project annual air pollution levels were constructed and the yearly means were 
estimated by sampling each monitoring site for two weeks in the cold, warm and an 
intermediate season, respectively. Furthermore, a reference site was used to adjust the 
measurements for temporal variation over the year. Predefined area specific predictor data 
was collected from both central (ESCAPE) and local sources, and included data on traffic, 
land use, water, population density and terrain. These data were then used to describe local 
and urban sources of air pollution around every monitoring site as, buffer areas with radii of 
(25-5000 m), proximity to trafficked roads adjusted for road type, traffic intensities on roads 
adjusted for road type and type of vehicle or by combining the adjusted traffic intensities with 
the length of road segments within buffer areas (traffic load) using geographical information 
systems. The monitored annual means were then combined with the predictor data in a least 
square regression model using a forward stepwise selection procedure. Calibrated models 
were then used to describe air pollution levels at geocoded addresses of study participants 
within each study area. 
In paper IV two dispersion models were used together with land use regression methodology 
to create a DM-LUR hybrid model. The two DMs used the “the national road database” 
(NVDB) emission inventory developed by the Swedish transport administration. Emission 
factors for NOx levels from local traffic were calculated in this study using the Handbook 
Emission Factors for Road Transport database (http://www.hbefa.net/e/index.html), 
providing data on emissions for different categories of vehicles and for different traffic 
situations. Furthermore, average vehicle intensities were adjusted for month of year, type of 
day, hour of day and speed limits. The DMs were used to calculate daily emissions for 31 of 
the monitoring sites originally selected in the ESCAPE study. These sites were selected to be 
within the domain of the models and to reflect NOx levels in urban and traffic settings. At 
these sites hourly NOx levels were calculated and summed into bi-weekly averages 
corresponding to the 2-weeks of monitoring in the ESCAPE study. The DM estimates were 
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complemented with rural background NOx concentrations to better correlate with observed 
NOx levels. In the analyses the bi-weekly means of NOx were used, giving 93 NOx 
observations in total. At urban sites or street sites with an open street configuration, the same 
Gaussian model and wind model described for paper I and II was used (Korek, Bellander et 
al. 2015). However, the resolution of the Gauss model in this study was 500m. To describe 
NOx levels at monitoring sites in street canyon scenarios, the SIMAIR-road model was used 
(Omstedt, Andersson et al. 2011). Meteorological data were supplied by the MESAN system 
based on all available measurement stations, radars and satellites combined with a 
background field forecast (Hāggmark, Ivarsson et al. 2000). LUR modeling was performed 
using least square multiple linear regression as described earlier for paper III. In an 
intermediate step between modeling air pollution using DM and LUR separately and the 
Hybrid model, the 93 NOx observations were also used to calibrate a LUR model for which 
temporally resolved meteorological data (used in dispersion modeling) were offered as well 
as stationary NOx measurements representing urban and traffic variations over the 
measurement year. This “meteorological” LUR model was then compared to a multiple linear 
regression model including DM estimates together with meteorology and stationary data. The 
hybrid model was developed based on all predictor data including DM estimates (spatio-
temporal data), stationary monitoring of NOx levels and meteorology (temporal data) and 
LUR data (spatial).  
 
2.3 DEFINITION OF HEALTH OUTCOMES 
In study I and II information on coronary (CE) events for the period February 1964 to 
December 2011 was gathered from the National Hospital Discharge Registry and the 
National Cause of Death Registry. In the National Hospital Discharge Registry CE was 
defined as “Acute Myocardial Infarction or “Other acute and sub-acute forms of ischemic 
heart disease” using the international classification of disease (ICD) codes (ICD9: 410; 411; 
ICD10: I21, I23, 120.0, I24 while “Ischemic heart disease” was defined using (ICD9: 410-
414; ICD10: I20-25) in the Cause of Death Registry. The same registers were used to retrieve 
data on stroke events as: hospitalizations with principal diagnosis of ischemic stroke (ICD9: 
433; 434; ICD10: I63), hemorrhagic stroke (ICD9: 431; ICD10: I61), unspecified stroke 
(ICD9: 436; ICD10: I64) and out-of-hospital deaths from cerebrovascular diseases (ICD9: 
431–436; ICD10: I61-I64).  
Stroke and CE events occurring after recruitment to the respective cohorts were included in 
the analyses, whereas earlier events were used to classify later events as non-incident. Both 
stroke and CE events were classified as fatal if the person passed away within 28 days after 
disease onset.   
 
 
  15 
2.4 STATISTICAL ANALYSIS 
2.4.1 Association between air pollution and cardiovascular disease 
In all papers, air pollutant concentrations were calculated in micrograms per cubic meter 
(μg/m3). In paper I and II the effect estimates were assessed using increments of 20μg/m3 for 
NOx and 10μg/m
3 
for PM10.  In paper I - III environmental exposure to air pollution from 
traffic was calculated as annual means of NOx and PM10 for subject specific entry year and in 
paper I and II also within time-windows during follow-up. Time-windows were constructed 
as 0-2 2-4 4-6 and 6-10 years of cumulative NOx and PM10 exposure, prior to time periods of 
6 months during follow-up and adjusted for change of address. CE and stroke outcomes 
(paper I and II) were coded as dichotomous variables (0/1). Only study subjects without 
missing data in covariates both at study entry (confounders/exposure), or during pro- and 
retrospective follow -up (exposure) were included.    
To assess the relation between long-term exposure to ambient air pollution and the risk of CE 
or stroke, Cox proportional hazard regression models were used (paper I and II). Hazard 
ratios (HRs) and 95% confidence intervals (CIs) were first calculated for each cohort 
separately and then effect estimates were meta-analyzed. Study subjects were assumed under 
risk from the time of enrolment into the study until occurrence of an event under study  
(CE/stroke), death due to other causes, emigration to an address for which air pollution 
exposure was not defined or end of follow-up (31 December 2011). Age divided into 6 month 
periods was used as the underlying time variable. Calendar time was adjusted for in the 
analysis, using 5 year periods. The annual mean levels at recruitment and during the time 
windows of NOx and PM10 exposure were then related to these 6 month risk periods.  
The final models were adjusted for a set of confounders selected a priori. The hazard risk 
ratio for CE and stroke was adjusted for gender, education level, smoking status, smoking 
intensity among current smokers and socioeconomic index. The index was based on current 
or last (if retired) profession and categorized into low (blue collar worker), medium (low and 
intermediate level white collar worker, and self-employed) and high (high-level white-collar 
worker). Data on potential covariates were included in cohort specific analyses if available 
for at least two cohorts with at least 80% non-missing observations. For the SALT cohort, 
alcohol consumption and occupational status were not available and for SNACK physical 
activity was not included. The proportional-hazard assumption was tested for all categorical 
covariates. If any variable in the individual cohort models violated this assumption, the effect 
estimates of that model were compared with a stratified Cox analysis for that cohort and 
covariate (Nafstad, Haheim et al. 2004).  
The effects estimates in each cohort were combined in a random effect meta-analysis 
(DerSimonian and Laird 1986). Statistical heterogeneity was evaluated by use of the I
2
 
statistic (Higgins, Thompson et al. 2003). Effect modification was investigated based on 
cohort specific analyses which were also combined by meta-analysis. Potential effect 
modification was investigated for gender, smoking (never smoker ever smoker), diabetes 
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(yes/no) and hypertension (yes/no) defined as ≥ 140mmHg systolic or ≥90mmHg diastolic 
blood pressure, or intake of blood pressure-lowering medication, or in the SALT cohort, on 
self-reported data on hypertension. Information on family history of diabetes was not 
available for SALT and SNACK cohorts, limiting the effect modification analyses to the 
SDPP and SIXTY cohorts. In paper II potential effect modification by re-location (defined as 
never moving compared to ever moving) was also investigated.  
Sensitivity analyses in paper I were performed to investigate the association between traffic 
derived air pollution and incident cases of stroke after study enrollment, non-fatal stroke and 
ischemic stroke by meta-analyzing cohort specific effect estimates. For paper II coronary 
events were restricted to non-fatal cases, incident cases after study enrolment and myocardial 
infarction in sensitivity analyses. For both studies the effect of contextual confounding was 
assessed by including a contextual socioeconomic status (SES) variable in the form of mean 
income at “neighborhood level” to the fully adjusted model.” Neighborhood” was defined as 
SAMS (Small Areas for market statistics) areas, containing approximately 1000 inhabitants 
with similar SES characteristics.   
Both for paper I and II a linear trend between exposure time windows and the events was 
assessed by using cohort specific effect estimates derived from time windows as a dependent 
variable and the complementary time window intervals as categorical explanatory variables 
and then combining the data in a meta-regression model. 
2.4.2 Comparison of land use regression and dispersion model 
The comparison of estimated levels of air pollution from DM and LUR models was done on 
address levels. For this purpose Pearson and Spearman correlation coefficients were 
calculated and the relation was visualized in scatterplots. In epidemiological studies, modeled 
air pollution exposure is often categorized to relax the assumption of linearity between 
exposure and outcome. The DM and LUR estimates were therefore categorized into quintiles 
for which level of agreement was calculated using the Kappa coefficient. Also Bland–Altman 
plots were constructed, in particular to test if the difference between LUR and DM estimates 
depended on the absolute concentrations. DM performance was further compared to 
monitored concentrations at the ESCAPE monitoring sites by calculation of correlation 
coefficients and in scatterplots.  
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2.4.3 Development of a hybrid model 
In paper IV, model performances were assessed and compared using the proportion of 
explained variability statistic (R
2
), the root mean square error (RMSE) as well as the best 
visual fit. Model transferability within the study area was assessed using leave one out cross 
validation (Cyrys, Eeftens et al. 2012).To determine if the fit of the hybrid model compared 
to the other models was significantly better (i.e. if the additional predictors in the hybrid 
model compared to other models actually affected the model fit) while considering clustering 
in the data, the Wald test was used. Finally, the degree of association between monitored NOx 
and separate predictors were calculated as partial R
2
.  
All statistical analyses were performed with STATA Statistical Software (Release 10-11.1; 
StataCorp, College Station, Texas USA). 
 
 
 
2.5 ETHICAL CONSIDERATIONS 
The use of individual data from the four cohorts in Stockholm County, was approved by the 
Ethics Committee of Karolinska Institutet, Stockholm, Sweden.  All cohort studies included 
in paper III were approved by local ethics committees. 
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3 RESULTS  
 
3.1 AIR POLLUTION LEVELS IN STOCKHOLM COUNTY  
At the cohort specific base-line addresses, dispersion modeled NOx and PM10 was found to 
vary between the recruitment areas of the four cohorts (Figure 1). Exposure levels were 
similar in the SIXTY and SALT cohorts, with participants recruited across the whole county. 
The lowest levels were found in the SDPP cohort, recruited primarily from suburban and 
rural areas while the highest levels were found in the SNACK cohort from an area in central 
Stockholm. A similar inter-cohort variability was found in the time-window estimates in 
paper I and II. During the study period PM10 levels stayed relatively constant while some 
reduction in NOx levels could be seen (data not shown). Furthermore, the estimated NOx and 
PM10 levels were found to be highly correlated, Pearson correlation coefficient (R = 0.75-
0.9). 
 
Figure 1 Traffic-derived NOx and PM10 (µg/m
3
) levels modeled at study entry addresses in 
four cohorts from Stockholm  
 
Notes: Box plots are defined by the median (white middle line) and the lower and upper 
quartiles (box edges) defining the inter quartile range (IQR). The vertical lines (whiskers) are 
indicating the minimum and maximum range (1.5x IQR) excluding outliers.  
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3.2 TRAFFIC RELATED AIR-POLLUTION EXPOSURE AND 
CARDIOVASCULAR DISEASE 
In paper I, from 22587 initial cohort participants, 20070 subjects were included in the final 
analysis. Across cohorts, 6-13% of the participants were excluded, primarily because of 
incomplete data on covariates or air pollution exposure. During the 238731 person-years at 
risk, 868 subjects were diagnosed with a stroke, including 89% first ever cases after study 
entry. Across cohorts the number of stroke events was: SDPP = 130, SIXTY= 160, SALT= 
314 and SNACK = 264. The hazard ratio (HR) for cohort specific stroke related to study 
entry address exposure, ranged between 0.84 and 1.78 for an increment of 20μg/m3 of NOx 
(Figure 2). The combined HR was 1.16 (0.83–1.61). The estimated HR for PM10 exposure 
was similar with a combined HR of 1.14 (0.68–1.90) per 10μg/m3.  
The meta-analyzed effect estimates from cohort specific time-windows did not reveal a clear 
trend or particularly important exposure periods (Figure 3). The results were similar for both 
NOx and PM10, but the wide confidence intervals hampered interpretation.  
Moderate heterogeneity was found in both the meta-analysis of stroke risk related to study 
entry addresses exposure (Higgin’s I2 statistic: 53.7% for NOx and 66.9% for PM10) and to 
exposure in time-windows (I
2
 = 35.4% to 67.0% for NOx and 58.3% to 67.0% for PM10).  
 
Figure 2.  Exposure at recruitment from road traffic NOx (per 20µg/m
3
) and PM10 
(per10µg/m
3
) and adjusted hazard ratio (HR) of stroke, in four cohorts in Stockholm County, 
separately and combined.  
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Figure 3. Adjusted Hazard ratios (HR) of stroke, in relation to time-window exposure to NOx 
(per 20µg/m
3
) and PM10 (per 10µg/m
3
) from road traffic in a meta-analysis of four cohorts 
from Stockholm County 
 
In paper II, the 20068 eligible subjects contributed with 237723 person-years at risk and 
913 coronary events (CE). The distribution of events across cohorts was 206 each in SDPP, 
SIXTY, and SNACK, and 295 in the SALT cohort. The cohort-specific HR for CE related 
to a 20μg/m³ increase in road-traffic NOx exposure at enrolment addresses ranged between 
0.72 and 1.21 when adjusting for covariates (Figure 4). Meta-analysis showed HR of 1.02 
(0.82- 1.27). The cohort specific HR for PM10 ranged between 0.97 and 1.49 per 10μg/m³ 
for the different cohorts with a combined HR of 1.14 (0.78- 1.49).  
No clear effect modification was found due to hypertension, gender, diabetes status, 
smoking status or between ever movers and never movers during follow-up (Figure 5).  
Similar results were found in paper I. Furthermore, for both paper I and paper II, sensitivity 
analysis did not indicate an association of air pollution with types of stroke or CE, 
respectively, and no exposure time windows of particular importance were found.  
However compared to paper I heterogeneity was not detected in paper II by the Higgins I
2
 
(I
2 
= 0.0%) in any the meta-analyzed effect estimates.   
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Figure 4. Exposure at recruitment from road traffic NOx (per 20μg/m
3
) and PM10 
(per10μg/m3) and adjusted hazard ratio (HR) of coronary events, in four cohorts in 
Stockholm County, separately and combined 
 
 
Figure 5.  Effect modification by gender, smoking, diabetes, hypertension and relocation 
during follow-up of the association between NOx or PM10 at recruitment and coronary events 
in a meta-analysis of four cohorts from Stockholm County 
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3.3 COMPARISON OF DISPERSION MODELING AND LAND USE 
REGRESSION  
 
The comparison of dispersion modeled (DM) and land use regression (LUR) modeled NO2 
levels at address sites was done in 13 study areas including 112971 addresses. The range of 
the correlations between LUR and DM estimates was wide, Pearson R 0.19 - 0.89, although 
for most study areas the correlation was above 0.65 (Table 2). The percentage of agreement 
within quintiles ranged from 24% to 62% with Kappa statistics ranging from 0.005 to 0.52. In 
general, the LUR models estimated NO2 concentrations slightly higher compared to DMs. 
The size of this discrepancy (absolute difference) could be related to the resolution of the 
dispersion models. When comparing estimated levels of PM10, 7 study areas and 69591 
addresses were used. The correlation between models was found to be lower (Table 1), and 
the difference in estimated levels larger, compared to model performances for NO2. Pearson 
correlations differed across study areas ranging from 0.23 to0.66 and the percentage of 
agreement by quintiles ranged from 25 to 55%.  
For the comparison of estimated levels of fine particles (PM2.5), four study regions and 28159 
addresses were used. In one area (the Netherlands) a high correlation (Pearson R = 0.81) was 
found while the remaining study areas showed low correlation and low agreement between 
the estimates. 
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Table 2 A comparison and descriptive statistics of study area specific LUR and DM model 
performance at recruitment addresses for 13 European cohorts  
Comparison of LUR with DM 
  Continuos: DM = Constant + Slope x LUR Quintiles 
Study Area N
a
 Spearman’s 
Rho 
Pearson 
R 
Constant Slope RMSE Agreement 
(%)
b
 
Kappa 
NO2         
Umeå region, SE
c
 4575 0.782 0.792 5.17 0.93 2.63 48.3 0.352 
Stockholm 
County, SE
c
 
39409 0.791 0.856 -1.98 0.93 2.46 48.9 0.361 
Helsinki-Vantaa 
region, FI
c
 
5871 0.762 0.745 2.01 0.52 2.34 43.7 0.297 
Bradford, UK
c
 20919 0.820 0.667 -1.62 0.86 3.06 49.2 0.365 
London, UK
c
 7089 0.836 0.798 8.55 0.70 4.05 55.2 0.441 
Netherlands
c
 7295 0.901 0.891 -2.37 1.13 3.70 61.8 0.523 
Ruhr Area, DE
d
 4809 0.428 0.389 28.45 0.30 3.51 31.0 0.138 
Basel, SU
c
 1118 0.771 0.768 11.11 0.65 2.71 48.9 0.362 
Geneva, SU
c
 737 0.708 0.657 21.73 0.36 2.84 41.4 0.267 
Lugano, SU
c
 1090 0.773 0.819 20.43 0.37 1.97 50.2 0.377 
Rome, IT
d
  10157 0.406 0.386 33.35 0.36 7.65 29.4 0.120 
Barcelona, ES
c
 8402 0.687 0.688 21.41 0.59 8.84 43.3 0.292 
Athens, GR
d
 1500 0.207 0.188 42.86 0.10 6.35 23.9 0.005 
All 112971        
         
  25 
PM10         
Stockholm 
County, SE
c
 
39409 0.378 0.367 6.83 0.29 2.82 31.2 0.140 
London, UK
c
 7089 0.554 0.517 17.94 0.22 .646 55.2 0.441 
Netherlands
c
 7295 0.625 0.556 -4.88 1.16 1.91 42.0 0.275 
Ruhr Area, DE
d
 4809 0.328 0.346 5.97 0.43 2.18 24.8 0.060 
Lugano, SU
c
 1087 0.575 0.659 13.87 0.43 1.25 39.8 0.248 
Barcelona, ES
c
 8402 0.495 0.393 24.14 0.35 2.62 33.1 0.163 
Athens, GR
d
 1500 0.272 0.233 24.70 0.046 2.36 26.5 0.080 
All 69591        
         
PM2.5         
Helsinki-Vantaa 
region, FI
c
 
5871 0.215 0.252 7.85 0.093 .370 25.8 0.073 
Netherlands
c
 7295 0.879 0.812 -20.40 2.23 0.41 50.4 0.380 
Ruhr Area, DE
d
 4809 0.391 0.327 8.21 0.35 1.12 28.0 0.100 
Rome, IT
d
 10544 0.252 0.223 16.03 0.19 1.53 26.5 0.081 
All 28159        
a
Number of residential addresses in the participating cohorts                                        
b
Percentage of residential addresses falling in the same quintile                                             
c
Spatial resolution of DM estimates <= 100x100m                                                              
d
Spatial resolution of DM estimates >= 500x500m 
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3.4 COMBINING DISPERSION MODELING AND LAND USE REGRESSION 
MODELING 
 
Compared to DM and LUR models separately and when optimized by meteorological (MT) 
and stationary (STAT) monitoring data (DM+MT+STAT, LUR+MT+STAT), the hybrid 
model for NOx including dispersion modeled estimates, LUR variables, meteorological data 
and the urban background contribution (DM+LUR+MT+STAT) performed the best. The 
hybrid model captured 89% of the variance in the monitored concentrations (R
2
 = 0.89) while 
having the lowest model RMSE value (Table 3). The predicted NOx estimates were also more 
accurate across the whole exposure range (Figure 6). Furthermore, the observed better fit of 
the hybrid model compared to the other models was statistically significant (p< 0.01.). The 
predictors included in the hybrid model were the DM estimates, traffic intensity on the 
nearest street, population density within 100m, global radiation and urban minus rural 
background NOx. Predictors in the DM+MT+STAT and LUR+MT+STAT models were 
similar to the predictors in the hybrid model. All models were robust according to the leave 
one out cross validation test, suggesting a loss in explained variance of 2-3% if applied at 
sites other than the training set. 
Figure 6. Comparison of model specific NOx predictions from three modeling scenarios:   
Dispersion modeling with additional information on global radiation, Land use regression 
modeling including global radiation and a hybrid model including dispersion modeling, 
global radiation and LUR components.  
DM =  Airviro Gauss and SIMAIR road dispersion model                                                     
LUR = land use regression model                                                                                         
STAT= stationary monitoring, delta urban NOx (urban –rural)                                                          
MT =meterological variables, (global radiation) 
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Table 3. Performance evaluation and model structures of the DM, LUR and hybrid model 
explaining observed levels of NOx  
Multivariate linear regression     LOOCV 
Model intercept + (slope x predictors) R2a RMSE b R2a RMSE b 
DM  9.67 +( 1.14x DM) 0.68 12.05 0.66 12.4 
LUR  10.12917 +( 0.004 x population density 300m) 
+(.001 x traffic intensity in the nearest street)  
0.58 13.90 0.55 14.2 
DM+MT+S
TAT 
9.29+ (1.10 x DM)+ (-0.059x global radiation) 
+(0.70 x Delta Urban NOx  (urban-rural)) 
0.82 9.14 0.80 9.5 
LUR+MT+
STAT 
1.00+(1.40x Delta Urban NOx  (urban-
rural))+( 0.001xtraffic intensity on nearest 
street) + (0.025xpopulation density 100m)+    
(-0.046xglobal radiation)  
0.80 9.7 0.77 10.1 
HYBRID 2,92+ (0.67 x DM)+ (-0.054xglobrad)+     
(.0008 x traffic intensity on nearest 
street)+(0.015x population density 100m) 
+(0.99 x Delta Urban NOx  (urban-rural) 
0.89 7.15 0.87 7.6 
DM = dispersion modeled NOx estimates, MT = meteorological predictors, final models 
included levels of global radiation from continuous monitoring, STAT = NOx levels from 
continuous monitoring, final models included Delta Urban NOx (urban-rural), LUR = land 
use regression data, final models included population density (calculated within buffers with 
specified radii) and traffic intensity. LOOCV = leave one out cross validation  
a 
Coefficient of determination                                                                                                                      
b
 Root mean square error 
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4 DISCUSSION 
 
4.1 AIR POLLUTION AND CARDIOVASCULAR DISEASE 
In paper I and II, we found suggestive evidence of an association between long-term 
exposure to traffic-related air pollution and the incidence of stroke and coronary events (CE) 
in a region with comparatively low levels of air pollution. The hazard ratio for stroke per 
20μg/m3 of NOx and per 10μg/m
3 
of PM10 were similar, 1.16 (0.83 -1.61) and 1.14 (0.68-
1.90), respectively. For CE for the same increments a more convincing effect was suggested 
for PM10: 1.14 (0.87-1.49) compared to NOx:  1.02(0.82-1.27). However, in both studies the 
confidence intervals were wide and overlapping, indicating a low precision of the risk 
estimates. 
For CE, main results were in line with other studies relating incident CE events to long-term 
exposure to NOx or NO2, in particular with the ESCAPE study in which 15% of the CE 
events were from cohorts used in this thesis (Cesaroni, Forastiere et al. 2014). However, both  
increased  risks (Nafstad, Haheim et al. 2004, Atkinson, Carey et al. 2013, Katsoulis, 
Dimakopoulou et al. 2014)  and no associations have been  reported(Lipsett, Ostro et al. 
2011, Atkinson, Carey et al. 2013, Cesaroni, Forastiere et al. 2014). Two studies reported  
comparatively high risk estimates compared to ours, in the UK the risk of heart failure was 
1.09 (1.05–1.14) per 3µg/m3 increase in PM10 (Atkinson, Carey et al. 2013) and  in Greece 
the risk of  IHD was1.41 (0.91–2.17) per10μg/m3 of PM10  (Katsoulis, Dimakopoulou et al. 
2014). In both these study areas the PM10 levels were considerably higher than in our study 
which potentially contributed to the higher risk estimates. On the other hand the risk ratio 
related to PM10 exposure in our study was somewhat larger compared to three studies from 
the US reporting excess risk related to PM10 or coarse particulate for any kind of CE (Puett, 
Hart et al. 2009, Lipsett, Ostro et al. 2011, Puett, Hart et al. 2011). The difference in 
estimated risk may be related to differences in particle composition in the US and Europe, 
where diesel emissions constitute a larger portion of overall air pollution from traffic. The 
varying dose and composition of air pollutants across cohorts exemplifies some of the 
challenges when comparing epidemiological studies. 
 Long-term air pollution exposure has mostly been related to fatal CE rather than to incident 
or non-fatal CE, both for NO2/NOx and particulate exposure. (Nafstad, Haheim et al. 2004, 
Pope, Burnett et al. 2004, Miller, Siscovick et al. 2007, Puett, Schwartz et al. 2008, Beelen, 
Hoek et al. 2009, Yorifuji, Kashima et al. 2010, Lipsett, Ostro et al. 2011, Puett, Hart et al. 
2011, Crouse, Peters et al. 2012, Raaschou-Nielsen, Andersen et al. 2012, Cesaroni, Badaloni 
et al. 2013, Beelen, Raaschou-Nielsen et al. 2014). Increased risks for CE mortality were 
shown in Stockholm in an earlier case-control study for both PM10 and NO2, especially for 
out of hospital deaths (Rosenlund, Berglind et al. 2006). Similar results were found in a case-
control study relating NO2 to incident MI and a time-series study associating ultrafine 
particles, PM10 and gases to the risk of fatal/non-fatal coronary events in Rome (Stafoggia, 
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Picciotto et al. 2005, Rosenlund, Picciotto et al. 2008). The evidence suggests that air 
pollution exposure affects etiological pathways leading to mortality to a greater extent than 
those contributing to development of non-fatal events. Due to few fatal events of CE in our 
cohorts the risk estimates in this group were uncertain. 
For the relation between long-term air pollution exposure and stroke, studies have presented 
mixed results. Both borderline and statistically significant effects were found for fatal stroke 
(Andersen, Kristiansen et al. 2012) as well as stroke sub-types (ischemic or hemorrhagic 
stroke) (Yorifuji, Kashima et al. 2013) and NO2. Suggestive evidence was also found in the 
ESCAPE study for incidence of cerebrovascular events for PM2.5, PM 10 and coarse particles 
but not for NO2 or NOx (Stafoggia, Cesaroni et al. 2014). On the other hand, studies from 
England (Atkinson, Carey et al. 2013), Oslo (Nafstad, Haheim et al. 2004) and North 
America (Pope, Burnett et al. 2004, Puett, Hart et al. 2011, Chen, Goldberg et al. 2013) did 
not see any elevated stroke risks associated with  long-term air pollution exposure. One of the 
differences between the positive and negative studies was in the type of modeling used.  
Studies indicating an increased risk were based on exposure modeling with a finer spatial 
resolution (DM and LUR) which may be particularly important for air pollutants with high 
spatial variation. For example, when relating monitored PM2.5 and NO2 levels from the 
nearest urban background monitor to the risk of cerebrovascular disease in women in the US,  
larger effect estimates were found for PM2.5 for within-city exposure differences than for 
between-city differences, but no effects of NO2 (Miller, Siscovick et al. 2007). Notably, our 
study was based on the partial contribution of NOx and PM10 from road traffic only, most 
other studies estimated total levels. In  the Stockholm region, the small-scale spatial 
differences in residential levels of both PM10 and NOx are dominated by road traffic 
emissions (Täppefur 2011), enhancing comparability with other studies based on high 
geographical resolution. 
In a sensitivity analysis we did not find a difference between PM10 or NOx exposure and the 
risk of ischemic stroke compared to the main analysis including all stroke types. This result is 
consistent with one other European studies on long-term effects of air pollution on stroke 
(Andersen, Kristiansen et al. 2012)and a US study (Puett, Hart et al. 2011) and with most 
short term studies. (Wellenius, Schwartz et al. 2005, Chan, Chuang et al. 2006, Andersen, 
Olsen et al. 2010, Oudin, Stromberg et al. 2010, Vidale, Bonanomi et al. 2010, Andersen, 
Kristiansen et al. 2012). However, studies from Asia linked air pollution to both ischemic and 
hemorrhagic stroke (Yamazaki, Nitta et al. 2007, Yorifuji, Kashima et al. 2013). In general, 
hemorrhagic stroke is less common than ischemic stroke, hampering statistical precision and 
detection of risk. A recent meta-analysis of 20 studies on stroke found that for long-term 
PM10 exposure, elevated risks were indicated in both North America, Europe and Asia but 
Asian studies showed a high degree of heterogeneity (Scheers, Jacobs et al. 2015).   
We did not find effect modification by gender, diabetes status, smoking status or 
hypertension for the risk of stroke, however, confidence intervals were wide. The same was 
seen for CE. Some studies have reported stronger associations for stroke in women, but the 
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data are not consistent (Miller, Siscovick et al. 2007). For CE we also investigated the 
modifying effect of changing address during follow-up. The point estimates suggested a 
stronger risk for individuals living at the same address but confidence intervals included 
much uncertainty. In a recent cohort study on air pollution effects in the Ruhr area, effect 
estimates for the risk of a stroke or a coronary event were elevated after excluding individuals 
moving within 5 years prior study entry, which is in line with our findings (Hoffmann, 
Weinmayr et al. 2015). 
When comparing the model adjusted for the full set of risk factors to the crude model only 
adjusted for age and sex, we did not find indications of strong confounding of the association 
between NOx or PM10 and stroke or CE risk. In our main analyses we included data on 
several known individual risk factors and the effect of contextual confounding was 
investigated by adding mean income at neighborhood level to the fully adjusted model. This 
had no clear effect on the risk estimates in any of our studies. Several earlier investigations 
also reported no major effect of potential individual or contextual confounders on 
associations between long-term exposure to air pollutants and cardiovascular disease or 
mortality (Beelen, Raaschou-Nielsen et al. 2014, Cesaroni, Forastiere et al. 2014, Beelen, 
Hoek et al. 2015). Reanalysis of early prospective cohort studies in the US also demonstrated 
robustness in the risk estimates when controlling for covariates such as age, sex, race, 
smoking, alcohol use, marital status, education, body mass, occupational exposures and diet. 
The same studies reported little contextual confounding on a neighborhood level (Pope and 
Burnett 2007). However, it should be noted that confounding is study base specific and that 
low excess risks are observed (and expected) for air pollution exposure, which indicates that 
careful control of confounding is crucial. 
In this thesis heterogeneity refers to the amount of variation in the risk estimates between 
cohorts that is not due to chance. For stroke, but not for CE, there was some heterogeneity 
between the cohorts. The same pattern was observed in ESCAPE where heterogeneity was 
more apparent for stroke (Stafoggia, Cesaroni et al. 2014) compared to CE (Cesaroni, 
Forastiere et al. 2014). The authors suggested age to be a major source of heterogeneity. In a 
recent review, heterogeneity was found between cohort studies relating long-term air 
pollution exposure to cardio-respiratory mortality (Hoek, Krishnan et al. 2013). Differences 
in particle composition, infiltration of particles indoors, characteristics of the populations and 
methodological differences in exposure assessment or confounder control were suggested as 
sources of heterogeneity. The cohort specific study participants in our studies differed in 
some respects. The catchment area for SDPP with the youngest participants at entry date was 
sub-urban which resulted in lower exposure levels compared to the other cohorts. The 
modeling or exposure assessment for this cohort was also based on overall lower resolution 
(100x100m) compared to other cohorts. However, the choice of resolution was based on 
assumptions of small scale variability related to the complexity of infrastructure and 
variations in traffic scenarios and the lower resolution does not have to result in significantly 
worse exposure attribution. This population also differed in the percent with family history of 
diabetes (50% of the cohort participants had FHD). In our sensitivity analysis we did not find 
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excess risks among FHD although, this could only be examined in two of the cohorts. The 
analysis in the SALT cohort could not be adjusted for occupation status or alcohol 
consumption which may have led to poorer confounding control, while the SNACK cohort 
participants were considerably older, had the overall highest exposure levels and lived in a 
comparatively small area in central Stockholm. For both SDPP and SNACK exposure ranges 
were narrow which could affect the power of the study. Another potential reason for 
heterogeneity was the follow-up length which differed between the cohorts. Overall, it is 
unclear how the differences between the cohorts contributed to the observed heterogeneity.  
The role of exposure timing was difficult to assess because of insufficient power. No 
indications of a time period of exposure modifying the associations were found for CE or for 
stroke. This is in line with most cohort studies on cardiovascular disease or mortality with 
follow-up time up to two decades (Nafstad, Haheim et al. 2004, Puett, Hart et al. 2011, Chen, 
Goldberg et al. 2013, Chen, Zhang et al. 2013). Still most studies did not investigate the role 
of exposure timing.  
 
4.2 AIR POLLUTION MODELING  
The agreement between DM and LUR in paper III was fairly high for NO2. Out of 13 study 
areas 7 had a Pearson R > 0.70.  The agreement was lower for PM10 with a median R of 0.39 
and PM2.5 with a median R of 0.25. The factor that contributed the most to the agreement 
between the methods for NO2 was probably data reflecting small-scale traffic variation. 
Overall, modeling of particulate matter was found to be more difficult compared to NO2. 
There are many potential reasons for this, mainly related to the coverage of the PM 
contribution from other sources, calculations of formation processes of the particles and 
resuspension. The Gaussian models included background concentrations from stationary 
monitoring. This was, however, not enough to avoid under-predictions of PM in all DM 
models. In LUR modeling a source of misclassification may lay in the assumption of a linear 
relation between air pollution. Furthermore, monitored levels and the following predictor 
extraction are dependent on the positioning of monitors within the study area. Potential 
predictors may be missed if important emission sources influencing the measured exposure 
are not represented 
At address sites the model correlation varied depending on study area and the main factor was 
the resolution of the DM models. Eluerian and computational fluid dynamics models had a 
less fine spatial resolution (1x1 km to 500500 m) compared to Gaussian models, for which 
the resolution at address sites was 500 m or less. The differences in resolution are transferred 
to the efficacy of capturing small-scale variations in NO2 and PM10, and there was a lower 
agreement between more crude DMs and ESCAPE measurements. Similar results were seen 
when a LUR model developed for national scale monitoring (and using crude map data) and a 
city specific DM model were applied to 18 independent local monitors in a city (Beelen et al. 
2010). 
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 In another study, spatial resolution was found important with regard to modeling at different 
scales (neighborhood/ urban scale) (Marshal et al. 2008). Other factors affecting modeling 
includes the area size and area complexity.   
In areas where the address-level agreement was high between DM and LUR, both models 
also correlated well with measurements. Ultimately, we could not determine which model 
was better, since there was no golden standard to compare model performance with. 
Furthermore, DMs and chemical transport models are often used for different 
epidemiological study designs compared to the LUR models such as when studying 
temporally or spatio-temporally defined exposure trends. In addition, the modeled mean 
exposure in large grid sizes by DMs, which were estimated around the LUR receptor points, 
should technically not give the same exposure concentration as the LUR receptors. This could 
even indicate a bad estimation by one or both models. However, for the sake of comparability 
across epidemiological studies, the air pollution variations on similar scales within an area 
should be fairly similar. In earlier studies differences in risk estimates have been seen 
between studies using DM and LUR for the same cohort addresses. In the ESCAPE study on 
CE risk (Cesaroni, Forastiere et al. 2014) and stroke risk (Stafoggia, Cesaroni et al. 2014) 
using LUR models to calculate mean annual exposure, the HR for the cohorts used in this 
study differed compared to the HR in this thesis using DM. These differences could probably 
not be explained only by differences in follow-up time and adjustment for confounders.  
Similar effects were found in a French study, when comparing DM and LUR for the same 
addresses (Sellier, Galineau et al. 2014). However, another study comparing DM and LUR 
found a strong correlation for NO2 (83%) and PM (79%) between the models at both 
monitoring and address sites (Cyrys, Hochadel et al. 2005). In paper IV we explored the 
possibility to optimize exposure modeling by creating a hybrid model based on LUR and 
DM. We found our hybrid model to perform better than DM and LUR separately even when 
optimizing these models using meteorology and stationary monitoring. The hybrid model was 
also found to describe the exposure scenario well for the whole concentration range. This 
result is similar to another hybrid LUR-DM model that also performed better compared to 
DM and LUR (Wilton, Szpiro et al. 2010). However, to our knowledge no other study 
incorporating estimated DM concentrations in LUR methodology has been published.   
Most of the observed spatial and temporal variance in the monitored data was explained by 
the DM (adjusted for background levels of NOx), but the model tended to overestimate the 
lower NOx levels and underestimate high levels. Other DM models have shown similar 
results and suggested explanations include difficulties to model complex traffic situations like 
heavily trafficked and congested roads (Dijkema, Gehring et al. 2011). Furthermore, emission 
factors used in DM have been seen to underestimate real-life traffic exposure in several 
studies (Franco, Kousoulidou et al. 2013).  
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The inclusion of meteorology and stationary data on urban NOx levels improved the DM 
model and narrowed the discrepancy in the lowest and the highest NOx range. Meteorology 
was represented by the predictor global radiation which explained more of the variance in 
monitored NOx compared to other tested meteorological variables. Similar predictors were 
included in the LUR model which also included predictor data on traffic intensity on the 
nearest street and population density within 100 m. Both these variables are typical in LUR 
modeling (Ryan and LeMasters 2007). The difference in explained variability by these 
optimized DM and LUR models was small compared to the hybrid model (R
2
 = 0.82, 0.80 
and 0.89, respectively). This is promising for exposure modeling in areas for which only one 
model type is available. Several earlier studies have included meteorological components and 
spatially resolved data in their LUR modeling with success, however, global radiation was 
not used (Arain, Blair et al. 2007, Gryparis, Coull et al. 2007, Maynard, Coull et al. 2007, 
Ainslie, Steyn et al. 2008, Mavko, Tang et al. 2008, Su, Brauer et al. 2008). We further 
hypothesized that the NOx predictors included in the hybrid model also indicated a potential 
for optimization of the DM model. As such, global radiation may be a marker of deficiencies 
in the description of mixing processes in the planetary boundary layer, which is of particular 
interest in estimation for sub-year periods. Discrepancies between DM modeled and 
monitored NOx has been suggested to relate to such problems (Eneroth, Johansson et al. 
2006). The predictor traffic intensity at the nearest street may reflect missing coverage of 
very near traffic or less well calibrated emission factors related to the car fleet by the DM 
(Franco, Kousoulidou et al. 2013). Population density has earlier been described as a marker 
of variation in traffic sources and home heating related to urban and rural areas (Brauer, Hoek 
et al. 2003), while the inclusion of urban levels of NOx suggests that even an hourly 
calculated DM model fails to capture the NOx temporal variability in the city.  
It should also be noted that all exposure attribution in this thesis is based on outdoor levels at 
place of residency, ignoring e.g. the effects of time spent indoors and in traffic. Typical 
Stockholm homes seem, however, to offer little protection against outdoor air pollution 
(Wichmann, Lind et al. 2010) and individual exposure to NO2 in Stockholm has been found 
to correlate with modeled  levels (Bellander, Wichmann et al. 2012). 
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5 CONCLUSIONS 
Based on the presented studies, and considering earlier evidence, it may be concluded that: 
- There was suggestive evidence of an association between long-term exposure to air 
pollution from road traffic, using NOx and PM10 as markers, and incidence of 
coronary events, primarily ischemic heart disease, as well as stroke. The risk 
estimates were in line with those found in other studies, although the air pollution 
levels were lower. 
 
- Some heterogeneity was indicated in risk estimates for stroke between the four 
included cohorts but it is not clear why this occurred. On the other hand, no 
heterogeneity was observed in the risk estimates for coronary events. 
 
- No time window of exposure under analysis appeared to be of particular importance 
for the association between traffic-related air pollution and cardiovascular disease, 
however, these results were uncertain because of a low statistical power in the 
analyses. 
 
- Dispersion models and land use regression applied in several urban areas across 
Europe generated highly correlated estimates for NO2, but correlations for PM10 and 
PM2.5 were only moderate, with large variability between areas. The results indicate 
that both techniques may be useful for individual exposure assessment in 
epidemiological studies, but that especially for PM they may produce different risk 
estimates. 
 
- A hybrid model combining dispersion modeling and land use regression, as well as 
some other features, performed better than either model alone in predicting average 
NOx concentrations within a metropolitan area. This indicates that there is a potential 
for improvement in currently used methods for exposure assessment. 
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6 SVENSK SAMMANFATTNING 
Luftföroreningar är en viktig miljöfaktor som påverkar den globala sjukdomsförekomsten. 
Från folkhälsosynpunkt är hjärt- kärlsjukdomar knutna till långtidsexponering för 
luftföroreningar den viktigaste effekten. Det finns dock begränsad information gällande 
sambandet med olika typer av hjärt-kärlsjukdomar, som hjärnblödning och hjärtinfarkt, samt 
sub-typer av dessa. Det är även oklart vilken roll som exponeringstidpunkten spelar samt om 
hälsorisker i områden med förhållandevis låga exponeringsnivåer, t ex under rådande 
gränsvärden.  
I studier av hälsorisker på befolkningsnivå används exponeringsmodeller som med hög 
geografisk upplösning kan uppskatta luftföroreningsnivåer. Med hjälp av sådan information 
och adresshistorik kan exponeringsprofiler för studiepersoner beräknas. Då olika typer av 
modeller används i olika studier är det viktigt att undersöka om modellerna beräknar 
föroreningshalter på ett likvärdigt sätt. Bättre beräkningsmetoder behöver även utvecklas, t ex 
genom kombination av befintliga modelleringstekniker. 
Syftet med denna avhandling var att undersöka relationen mellan långtidsexponering för 
trafikrelaterade luftföroreningar (från avgaser och vägslitage) och risken för hjärnblödning 
eller hjärtinfarkt i ett område med förhållandevis låga halter av föroreningar. Vidare 
undersöktes betydelsen av exponeringstidpunkt.  Dessutom jämfördes två vanliga metoder för 
beräkning av luftföroreningsnivåer, dispersionsmodeller (DM) och Land use regression-
modeller (LUR), i flera städer i Europa och en hybridmodell baserad på DM och LUR 
metodik skapades för Stockholm.  
I den epidemiologiska analysen ingick 20070 individer från fyra kohorter i Stockholms län 
som följdes upp under 12 år i genomsnitt. Information gällande olika riskfaktorer för hjärt-
kärlsjukdom inhämtades via enkäter och telefonintervjuer vid tiden för rekrytering till 
respektive kohort. En dispersionsmodell användes för att beräkna fordonsrelaterade 
luftföroreningar (kväveoxider och partiklar) på alla adresser under uppföljningstiden för 
undersökningsindividerna och information om hälsoutfall hämtades ur nationella register. 
Resultaten visade tendenser till samband mellan fordonsrelaterad luftföroreningsexponering 
och risken för hjärnblödning respektive hjärtinfarkt efter justering för andra faktorer som 
påverkar risken som exempelvis ålder, kön, rökning och diabetes. Vi kunde inte påvisa någon 
skillnad i risk i förhållande till exponeringstillfälle under uppföljningstiden.   
LUR och DM jämfördes genom att båda modellerna estimerade luftföroreningshalter för 
samma adresser i 4 till 13 olika europeiska städer/regioner beroende på vilken förorening som 
studerades. Resultaten visade på en bra överensstämmelse för beräknade halter av 
kvävedioxid men sämre för partiklar. Vår hybridmodell föreföll prestera bättre än LUR och 
DM var för sig och gav även idéer för hur dessa två modelleringssätt kan förbättras. 
Sammanfattningsvis antyder resultaten att trafikrelaterade föroreningar är associerade med 
förhöjda risker för hjärnblödning och hjärtinfarkt. Inga statistiskt säkra riskökningar 
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påvisades dock, vilket kan ha att göra med de förhållandevis låga luftföroreningsnivåerna. De 
två undersökta typerna av modeller för beräkning av luftföroreningsnivåer stämde bra 
överens gällande beräkningar kvävedioxid men inte för partiklar, vilket kan ha betydelse för 
tolkningen av resultat från epidemiologiska undersökningar. Vår hybridmodell tyder på att 
det finns en betydande förbättringspotential i metodiken för skattning av exponering i 
epidemiologiska studier. 
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 ABSTRACT 
Air pollution is an important environmental health factor contributing to the burden of 
disease. From a public health point of view cardiovascular effects of long-term exposure are 
predominant, primarily coronary events and stroke. However, sub-types of disease have not 
been well investigated and few studies have been conducted in areas with lower air pollution 
levels. The role of timing of exposure is also unclear. 
 
In epidemiological studies different types of models are used to estimate exposure of study 
participants. It is therefore important to understand if modeled levels are similar for different 
model types. Furthermore, there is a need to develop better modeling techniques, and it has 
been proposed to combine models into so called hybrid models. 
 
The aim of this thesis was to investigate the relation between individual long-term air 
pollution exposure from road traffic and the risk of coronary events and stroke in an area with 
comparatively low exposure levels, while considering timing of exposure. Furthermore a 
comparison of dispersion modeling (DM) and land use regression (LUR) was done in several 
study areas and a hybrid model based on DM and LUR was developed for Stockholm.  
 
From four cohorts in Stockholm County, 20070 individuals were followed for an average of 
12 years. Information on covariates was available from questionnaires and interviews from 
the time of recruitment. Air pollution exposure from traffic was assessed at residential 
addresses during follow-up using dispersion modeled levels of nitrogen oxides (NOx), as a 
marker of exhaust emissions, and particles with an aerodynamic diameter of <10 µm (PM10), 
as a marker of road dust. A suggestive association between road traffic exposure at the 
recruitment address and cardiovascular disease incidence was seen. For NOx the hazard ratio 
for stroke and coronary events per 20μg/m3 was 1.16 (0.83 -1.61) and 1.02 (0.82-1.27), 
respectively. Corresponding hazard ratios for PM10 were 1.14 (0.68-1.90) and 1.14 (0.87-
1.49), respectively, per 10μg/m3. Results did not appear to be modified by covariates, disease 
sub-types or exposure time windows.  
 
LUR models and DMs were compared in 4 to13 European study areas depending on the 
pollutant.  At study addresses, the median Pearson correlation (range) for annual mean 
concentrations of NO2, PM10 and PM2.5 were: 0.75 (0.19–0.89), 0.39 (0.23–0.66) and 0.29 
(0.22–0.81). A hybrid model was developed for Stockholm for 93 bi-weekly NOx 
observations using DM estimates, LUR variables, stationary monitoring and individual 
meteorological factors. The hybrid model explained NOx levels at monitoring stations better 
(R
2
 =89%) than the LUR and DM models (R
2
 =58% and R
2
 =68%, respectively). 
 
In conclusion, our results suggest an elevated risk of coronary events and stroke related to 
traffic air pollution exposures in Stockholm County, however, no modification by time 
window of exposure could be detected. On average, estimates from LUR and DMs correlate 
well for NO2 but less so for particulates. To combine DM and LUR seems promising for 
increasing the quality of the exposure assessment. 
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Trafﬁc-related air pollution exposure and incidence of stroke in
four cohorts from Stockholm
Michal J. Korek1, Tom D. Bellander1,2, Tomas Lind2, Matteo Bottai3, Kristina M. Eneroth4, Barbara Caracciolo5, Ulf H. de Faire1,
Laura Fratiglioni5,6,7, Agneta Hilding8, Karin Leander1, Patrik K. E. Magnusson9, Nancy L. Pedersen9, Claes-Göran Östenson8,
Göran Pershagen1 and Johanna C. Penell1
We investigated the risk of stroke related to long-term ambient air pollution exposure, in particular the role of various exposure
time windows, using four cohorts from Stockholm County, Sweden. In total, 22,587 individuals were recruited from 1992 to 2004
and followed until 2011. Yearly air pollution levels resulting from local road trafﬁc emissions were assessed at participant residences
using dispersion models for particulate matter (PM10) and nitrogen oxides (NOX). Cohort-speciﬁc hazard ratios were estimated for
time-weighted air pollution exposure during different time windows and the incidence of stroke, adjusted for common risk factors,
and then meta-analysed. Overall, 868 subjects suffered a non-fatal or fatal stroke during 238,731 person-years of follow-up. An
increment of 20 μg/m3 in estimated annual mean of road-trafﬁc related NOX exposure at recruitment was associated with a hazard
ratio of 1.16 (95% CI 0.83–1.61), with evidence of heterogeneity between the cohorts. For PM10, an increment of 10 μg/m
3
corresponded to a hazard ratio of 1.14 (95% CI 0.68–1.90). Time-window analyses did not reveal any clear induction-latency pattern.
In conclusion, we found suggestive evidence of an association between long-term exposure to NOX and PM10 from local trafﬁc and
stroke at comparatively low levels of air pollution.
Journal of Exposure Science and Environmental Epidemiology (2015) 25, 517–523; doi:10.1038/jes.2015.22; published online 1 April 2015
Keywords: epidemiology; exposure modeling; particulate matter; personal exposure
INTRODUCTION
Stroke is a leading cause of disease and death in the Western
world although the incidence has decreased in recent decades.1
The body of evidence regarding long-term air pollution exposure,
especially to respirable particles, and various cardiovascular risk
factors and diseases is growing.2 For example, associations have
been reported with the development of atherosclerosis, hyper
tension, ischemic heart disease and cardiovascular mortality.
Proposed pathophysiological mechanisms include systemic
inﬂammation and oxidative stress, imbalance in the autonomic
nervous system, endothelial dysfunction, vasoconstriction and
thrombosis. Although some studies show associations with
cerebrovascular incidence or mortality in relation to long-term
air pollution exposure, evidence is limited and conﬂicting.3–6 Data
regarding the role of air pollution exposure for ischemic vs
hemorrhagic stroke and the inﬂuence of potential effect modiﬁers
are sparse and ambiguous.
In understanding the mechanisms behind effects of long-term
exposure to ambient air pollution on cardiovascular disease, as
well as to predict consequences of preventive measures, it is
important to assess the role of timing of exposure in relation to
occurrence of the adverse outcomes. It has been shown, that
cardiovascular and other mortality decreased within a year after a
coal ban in Dublin, Ireland, which drastically lowered the black
smoke levels.7 A follow-up of the Harvard Six City study and a
study of myocardial infarction survivors, suggested that the
relevant exposure period for mortality was the past few years8,9
Studies of air pollution effects on cardiovascular disease or
mortality have generally not detected marked associations with
timing of exposure during follow-up periods of up to two
decades.3,10,11 Most of the studies on cerebrovascular effects of
air pollution, however, did not address this issue.
The aim of the current study was to assess individual long-term
exposure to air pollution from road trafﬁc in relation to stroke
incidence, in an area with relatively low air pollution levels. We
took changes in residence and in annual exposure levels during
follow-up into account and investigated different types of stroke,
in a combined analysis of four cohorts from Stockholm County,
Sweden.
METHODS
Study Population
The study included four cohorts based in Stockholm County, Sweden. The
Stockholm Diabetes Preventive Program (SDPP),12 a population-based
prospective study, recruited 3128 men in 1992–1994 and 4821 women in
1996–1998 from ﬁve municipalities in Stockholm County. The study
participants were 35–56 years old at recruitment. None had previously
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diagnosed diabetes and half of the cohort (53%) had a family history of
diabetes (one ﬁrst degree relative or two second degree relatives), while
the other half was selected to match on age and sex of the ﬁrst half. The
cohort study of 60 year olds (SIXTY)13 invited a random population sample
consisting of one-third of all men and women who were living in
Stockholm County and turned 60 years of age between August 1997 and
March 1999. The SIXTY study included 4232 subjects. The Screening Across
the Lifespan Twin Study (SALT)14 screened all twins born in Sweden before
1958 for the most common complex diseases with a focus on cardio-
vascular diseases. Recruitment took place during 1998–2002. In the present
study, the SALT participants residing in Stockholm County at recruitment
were included, resulting in 7043 subjects with an age range of 42–100
years of age at recruitment. The Swedish National study of Aging and
Care in Kungsholmen (SNAC-K)15 included randomly sampled individ-
uals 4=60 years of age between March 2001 and June 2004 from a
central area in Stockholm City. A total of 3363 subjects of 60–104 years of
age were recruited.
In all four cohorts, individual data collected at enrolment on socio-
demographic characteristics such as occupation status and education were
obtained from questionnaires that also provided information on lifestyle
factors, including smoking status, levels of physical activity and alcohol
consumption. Information on diabetes and hypertension was obtained
either from questionnaires or clinical data. Socio-economic variables
aggregated at neighborhood level were retrieved from Statistics Sweden.
Neighborhoods consisted of small geographical units with an average
population of 1000–2000 subjects considered to be homogenous with
regard to socio-economic characteristics. The study was approved by the
Ethical Review Board Stockholm, Sweden.
Outcome Data
Data on individual stroke events were retrieved from the National Hospital
Discharge Registry and the National Cause of Death Registry, including
data from February 1964 to December 2011. A stroke event was deﬁned
based on the International Classiﬁcation of Diseases (ICD) version 9 and 10:
hospitalizations with principal diagnosis of ischemic stroke (ICD9: 433; 434;
ICD10: I63), hemorrhagic stroke (ICD9: 431; ICD10: I61), unspeciﬁed stroke
(ICD9: 436; ICD10: I64) and out-of-hospital deaths from cerebrovascular
diseases (ICD9: 431–436; ICD10: I61-I64). If the person passed away
within 28 days after a stroke event, the event was classiﬁed as fatal. Only
stroke events after recruitment of the respective cohort were included
in analyses, whereas earlier events were used to classify later events as
non-incident.
Exposure Assessment
Long-term exposure to ambient air pollution from road trafﬁc was
estimated based on a methodology described in detail elsewhere.16 Brieﬂy,
residential histories retrieved from the Swedish tax authorities were
available for all cohort participants from 1991 until 2010, including data on
all residential addresses and the date from which the person resided at
each particular address. The residential address was known also earlier
than 1991 for those moving in before this year. In case of emigration from
Sweden or Stockholm County, this was recorded with a speciﬁc date used
for censoring (see below). The residential addresses within Stockholm
County were geocoded, 90% by automatic matching against the Swedish
Mapping Cadastral and Land Registration Authority Databases, and an
additional 9% manually. One percent of the addresses could not be
geocoded, mainly because of insufﬁcient address details.
Annual mean concentrations of nitrogen oxides (NOx) and particulate
matter with an aerodynamic diameter of less than 10micrograms (PM10)
were calculated using a wind model and a Gaussian air quality dispersion
model, both part of the Airviro Air Quality Management System (SMHI,
Norrköping, Sweden; http://airviro.smhi.se). The emission inventory of the
Stockholm and Uppsala County Air Quality Management Association
supplied the input to the model. Information in this database has been
updated yearly by the municipalities in the region since 1993. It is a
geographic information system and contains detailed information about
emissions from, for example, road and ferry trafﬁc, petrol stations, indus-
trial areas and households.17 For the present study, only emissions from
local road trafﬁc were included as it is the dominating source of both NOx
and PM10.
18,19 NOx was used as a marker of road trafﬁc-derived combus-
tion pollutants, while PM10 was used as a marker for road wear. Emission
factors for NOx and exhaust particles from road trafﬁc were obtained from
the EVA model of the Swedish Transport Administration. Emission factors
for non-exhaust PM (mainly road wear but including some contributions
from brake and tyre wear) were obtained using NOx as tracer for trafﬁc
emissions.20 In Stockholm, road wear increases drastically because of the
use of studded tyres and traction sand on streets during winter; up to 90%
of the locally emitted PM10 may be due to road abrasion.
19,21 The
contributions from road, tyre and brake wear in Stockholm is further
analysed in a modelling study which clearly shows the dominance of road
wear and that the surface moisture, and subsequent retention and
suppression of suspension, also inﬂuences the PM10 levels.
22
The model resolution for inner Stockholm and the urban parts of the
municipalities of Solna, Järfälla and Södertälje was 25m grid cells. The rest
of Stockholm County had a resolution of 100m or 500m, respectively, in
urban and rural areas. The model estimates air pollution concentrations
2m above ground level and handles buildings by using a roughness
parameter.23 This results in underestimated concentrations in street
canyons with heavy trafﬁc. Therefore, a street canyon contribution was
calculated using the SMHI-Airviro street canyon model (http://airviro.smhi.se).
This contribution was added to all addresses with multistory houses on
both sides within 30m of the most polluted street segments in the inner
city of Stockholm, and corresponded to air pollution levels at half the
building height at those addresses.
The SMHI-Airviro Gaussian model has been validated in a number of
previous studies, for example, Johansson et al.24 and Eneroth et al.25 The
comparison between time series calculations of annual mean NOx
concentrations and urban background measurements from a continuous
monitoring station in Stockholm during the period 1998–2005 provided R2
of 0.74–0.80 for different years.26 Within the European Study of Cohorts for
Air Pollution Effects (ESCAPE), differences between dispersion model
estimates and monitoring results were explored.27 In Stockholm, SMHI-
Airviro Gaussian model calculations were compared with measured con-
centrations of NO2 and PM10, respectively, at 39 and 19 monitoring sites,
providing Spearman rank correlations of 0.755 for NO2 and 0.580 for PM10.
Levels of NOx and PM10 resulting from local road trafﬁc emissions were
calculated for all geocoded addresses for every year from 1987 until the
end of follow-up. Reduced emissions of exhaust particulates and NOx due
to stricter European vehicle regulations are included in the EVA emission
model. The emission factors for non-exhaust PM were assumed to be
constant as the proportion of cars with studded tyres in Stockholm has
been relatively stable during the period of the present study. To com-
pensate for trends in trafﬁc volumes, the calculated levels of NOx and PM10
were re-scaled based on measured trafﬁc ﬂow in and out of the regional
centre of Stockholm on an annual basis. Concentrations of NO2 were
calculated based on modelled concentrations of NOx. An empirical non-
linear relationship was derived for each year based on measured
concentrations of NOx and NO2 in Stockholm and its surroundings.The
annual subject-speciﬁc exposure estimates were used to construct study
entry and time-weighted exposure concentrations during different time
windows.
Statistics
Cohort-speciﬁc Cox proportional hazard regression analysis was used to
estimate hazard ratios (HRs) of stroke associated with long-term ambient
air pollution exposure. NOx and PM10 were analysed separately. Person-
time at risk was calculated from enrolment into the study until stroke,
death from another cause, emigration (i.e., to an address without
information on air pollution exposure) or end of study (31 December
2011), whichever event occurred ﬁrst. Age was used as the underlying time
scale in all models. Risk estimates were calculated as HRs with 95%
conﬁdence intervals using increments of 20 μg/m3 for NOx and 10 μg/m
3
for PM10. The data were divided into 6-month periods, allowing us to use
exposure to PM10 and NOx as time-varying covariates and to adjust for
calendar year in 5-year periods. First, concentrations of NOx and PM10 at
the study entry address of each individual were used as exposure variables
in cohort-speciﬁc analyses. Second, the NOx and PM10 exposures were
calculated for each subject for each subject-speciﬁc 6-month period during
the follow-up. Exposure time windows were then created for 6–10-, 4–6-,
2–4- and 0–2-year intervals prior the end date of every 6-month interval
during the follow-up.
Adjustment models were deﬁned a priori and covariates were chosen
based on the literature and available data from the cohorts. The fully
adjusted models had a common set of individual-level covariates including
gender, education level, smoking status, smoking intensity among current
smokers and socio-economic index. This index was based on current or last
(if retired) profession and categorized into low (blue collar worker),
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medium (low and intermediate level white collar worker, and self-
employed) and high (high-level white-collar worker). Additional variables
were included if present for at least two cohorts.
The proportional-hazard assumption for all covariates was investigated.
If any variable in the individual cohort models violated this assumption,
effect estimates were compared with a stratiﬁed Cox analysis for that
cohort.3 In the analyses, we included only individuals with complete data
on exposure estimates and confounders. We did not include confounders
with missing data for more than 20% of the individuals; hence for SALT,
alcohol consumption and occupational status and for SNAC-K physical
activity was excluded.
To increase power, we combined the effect estimates of the four cohorts
using a random effect meta-analysis model.28 We investigated hetero-
geneity between the cohorts using the Higgins I2 statistics.29 Furthermore,
we investigated a linear trend between subsequent exposure time windows
in time and the risk of stroke. We used the time-window-speciﬁc effect
estimates as a dependent variable and the time-window intervals as a
categorical explanatory variable in a meta-regression model.
Potential effect modiﬁcation by gender, smoking, hypertension (deﬁned
as ≥ 140mmHg systolic or ≥ 90mmHg diastolic BP, or intake of blood
pressure-lowering medication, or in the SALT cohort, on self-reported data
on prevalent hypertension) and diabetes were investigated by cohort-
speciﬁc stratiﬁed analysis adjusted for the full set of covariates, and then
combined into meta-analysis. When analysing effect modiﬁcation by
diabetes, calendar year was recoded into two periods instead of three
periods in the model for SIXTY owing to the lack of model convergence
when using 5-year intervals. Furthermore, the impact of family history of
diabetes on the association between exposure and risk of stroke was
investigated in SDPP and SIXTY by stratiﬁed analysis. Such data were
lacking for the other two cohorts.
Sensitivity analyses were performed by restricting events to (i) only
ischemic stroke, (ii) only non-fatal cases and (iii) only including incident
cases after study enrolment. In a separate analysis, we explored
the inﬂuence of contextual confounding by adding neighborhood
mean income as an area-level socio-economic variable to the fully
adjusted model
All analyses were performed using Stata version 11.0 (StataCorp LP,
College Station, TX, USA).
RESULTS
A total of 22,587 subjects were recruited into the four cohorts
(Table 1). After exclusion of the subjects recruited into more than
one cohort or with missing data in any of the exposures or
covariates, 20,070 subjects remained for the analysis. Overall,
6–13% of the subjects in each cohort were excluded owing to
missing data.
At study entry, the mean age of all subjects was 60 years (range
35–104), and varying between cohorts (Table 2). Most participants
had education up to secondary school or equivalent and were
predominantly working or retired. Across cohorts, 15% to 25% of
the participants were current smokers and about half reported
regular alcohol consumption (daily/weekly). Diabetes prevalence
was low, ranging from 1.6% to 8.6% across cohorts, while the
proportion of hypertensive individuals was between 22.2% and
69.8% in the different cohorts. Most participants were either in the
high or medium socio-economic category, and the average
household income in the neighborhood was similar for three
cohorts but higher for the cohort located in Stockholm city.
Air pollution linkage was successfully made for 99% of all
individual addresses in Stockholm county (n= 43,344 addresses).
The base-line exposure concentrations of NOx and PM10 were
similar for the two cohorts with recruitment in the whole of
Stockholm County (SIXTY and SALT), whereas the SNAC-K cohort
from Stockholm city had higher exposure levels. The SDPP cohort
had the lowest levels and least variability for both PM10 and NOx
because of the recruitment of study participants from ﬁve
suburban and semi-urban municipalities (Figure 1). Average
concentrations varied somewhat across the exposure windows
and followed the same between-cohort variability as for the study
entry exposure data (Supplementary Table 1).
In general, NOx concentrations were reduced during the obser-
vation period, whereas levels of PM10 were relatively constant.
Modeled NOx and PM10 were highly correlated for all cohorts,
where SDPP, SIXTY and SALT had a high Pearson correlation
(r ~ 0.9), whereas SNAC-K had a slightly lower correlation (r= 0.75).
A total of 868 subjects suffered a stroke during the 238,731
person-years at risk. Of the subjects, 775 (89%) were ﬁrst ever
cases of stroke after study entry, 755 (87%) were non-fatal and 737
(84%) were ischemic. The occurrence of stroke events were
distributed over cohorts accordingly; 130 events in SDPP, 160
events in SIXTY, 314 events in SALT and 264 events in SNAC-K
(Table 2).
The cohort-speciﬁc HR for total stroke per 20 μg/m3 increment
of road-trafﬁc-related exposure to NOx at enrolment address
ranged between 0.84 and 1.78 (statistically signiﬁcant only in the
SIXTY cohort) when adjusting for all covariates (Figure 2, Supple-
mentary Table 2). The combined HR was 1.16 (0.83–1.61). Similar risk
estimates were seen per 10 μg/m3 increase of trafﬁc-related PM10,
where the cohort speciﬁc HR ranged between 0.59 and 2.21, also
signiﬁcant only in the SIXTY cohort. The combined analysis gave an
overall HR of 1.14 (0.68–1.90). Moderate heterogeneity was
suggested by the Higgin’s I2 statistic: 53.7% for NOx and 66.9% for
PM10. There were no major or consistent differences in risk estimates
between crude and adjusted models, indicating only limited
confounding by the risk factors under study (Supplementary Table 2).
Furthermore, the cohort speciﬁc and combined HRs were very
similar using NO2 and NOX (Supplementary Figure 1).
In the time-window analysis for the fully adjusted model, no
clear trend in the effect estimates could be detected after meta-
analysis (Figure 3, Supplementary Table 3), but the conﬁdence
intervals were wide. Results were similar for NOx and PM10
exposure, although a close to statistically signiﬁcant excess risk
was seen for NOx exposure 6–10 years prior to the event. Moderate
heterogeneity was also found in all separate time-window meta-
analyses, ranging from I2 = 35.4% to 67.0% for NOx and 58.3% to
67.0% for PM10. There was no signiﬁcant trend between the effect
estimates from the meta-analysed exposure time windows and
the time interval they covered. The P-value for time-window
category as an explanatory variable for the meta-analysed
Table 1. Number of individuals included in the analysis of four cohorts from Stockholm County.
Cohorta SDPP SIXTY SALT SNAC-K
Number recruited 7949 4232 7043 3363
Reasons for exclusion
Participation in more than one cohorta 0 8 159 78
Missing exposure data for time window 111 47 168 17
Missing data on covariates 387 480 710 352
Total number in analysis (% of number recruited) 7451 (94%) 3697 (87%) 6006 (85%) 2916 (87%)
aSubjects are included in the ﬁrst cohort into which they were selected.
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time-window HRs was not signiﬁcant (P= 0.75). There were rather
high correlations in individual exposure between different time
windows, that is, 0.7–1 for PM10 and 0.5–0.9 for NOX, which
contributes to the similar risk estimates. Only, about half of the
study subjects moved during the follow-up period.
No strong effect modiﬁcation of the association between NOx or
PM10 and stroke was observed by gender, smoking, hypertension
or diabetes (Supplementary Figure 2). The HRs for NOx and stroke
for individuals with heredity for diabetes in SDPP and SIXTY were
2.07 (0.72–5.96) and 1.27 (0.38–4.29), respectively, compared with
1.36 (0.33–5.64) and 1.63 (1.10–2.40) for individuals without
heredity for diabetes. Corresponding results for PM10 were 4.10
(0.98–17.11)) and 1.73 (0.39–7.71) for those with heredity for
diabetes, respectively, compared with 0.8 (0.10–7.13) and 1.84
(1.10–3.09) for those without (data not shown). Restricting stroke
events to non-fatal, ischemic or incident cases as well as adjusting
the main model for mean income as area-level socio-economic
indicator did not have any major impact on the risk estimates
(Supplementary Figure 3). Further sensitivity analyses assessed the
potential effect modiﬁcation by age in the SALT and SNACK
cohorts, which included a sizable fraction of older subjects. When
individuals older than 75 or 85 years of age were excluded, there
was no clear or consistent pattern of changes in the HRs (data not
shown).
Table 2. Characteristics of the study participants included in the analyses from the four cohorts in Stockholm County.
SDPPa SIXTYb SALTc SNAC-Kd
N 7451 3697 6006 2916
Number of stroke events during follow-up 130 160 314 264
Years of enrolment 1992–1998 1997–1999 1998–2002 2001–2004
Age, years: median (minimum—maximum) 48 (35–56) 60 (59–61) 56 (42–97) 72 (60–104)
Male (%) 42.9 46.4 42.3 35.2
Education (%)
Primary school or less 25.5 27.0 21.3 24.2
Up to secondary school or equivalent 45.5 44.3 42.8 42.5
University degree and more 29.0 28.7 35.9 33.3
Occupation status (%)
Employed/self-employed 92.6 52.0 N/Ae 26.5
Unemployed 7.4 9,9 N/Ae N/Ae
Homemaker/housewife N/Ae 7.7 N/Ae N/Ae
Retired N/Ae 30.3 N/Ae 73.5
Smoking status (%)
Current smoker 25.5 19.4 19.9 14.4
Former smoker 36.7 39.4 44.5 36.7
Never smoker 37.9 41.2 35.6 48.9
Number of cigarettes/day for current smokers mean± SD 13.6 (7.4) 13.2 (7.2) 13.0 (7.5) 10.7 (8.0)
Alcohol consumption (%)
Daily 7.4 4.4 N/Ae 20.4
Weekly 37.0 20.4 N/Ae 24.2
Seldom 51.6 45.1 N/Ae 46.4
Never 4.1 30.1 N/Ae 9.0
Diagnosed diabetesf (%)
Yes (%) 1.6 3.9 4.1 8.6
No (%) 98.4 96.1 95.9 91.4
Diagnosed hypertensiong (%)
Yes 24.2 51.9 22.2 69.8
No 75.8 48.1 77.8 30.2
Socio-economic index (%)
Low 28.3 22.3 29.3 18.2
Medium 26.8 55.2 52.5 30.2
High 44.9 22.6 18.2 51.7
Physical activity (%)
Once a month or less /o1 h/week 10.7 68.6 25.6 N/Ae
About once a week / ~ 1 h/week 81.5 23.8 62.7 N/Ae
3 times a week or more /42 h/week 7.8 7.6 11.7 N/Ae
Average household income in neighborhoodh (SEK) mean± (SD) 288645 (50881) 300990 (85723) 305333 (81989) 351723 (27125)
aStockholm Diabetes Prevention Program study. b60-year-old cohort study. cScreening Across the Lifespan Twin study. dSwedish National Study on Aging and
Care in Kungsholmen. eData not available for a sufﬁcient number of individuals. fInformation on diabetes was based on glucose tolerance test in SDPP and on
questionnaire data in remaining cohorts. gInformation on hypertension was deﬁned by blood pressure measurements or intake of blood pressure lowering
medication in three cohorts and through questionnaire in SALT. hIndividual socio-economic status was based on current or last (if retired) profession and
categorized into low (blue collar worker), medium (low and intermediate level white collar worker, and self-employed) and high (high-level white-collar
worker).
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DISCUSSION
We found suggestive evidence of an association between air
pollution from local road trafﬁc, using NOx and PM10 as indicators,
and incidence of stroke in a region with comparatively low air
pollution levels. No clear differences were indicated in effect
estimates between various exposure time windows, but the power
was limited in these analyses.
Some heterogeneity between cohorts in risk estimates for
stroke related to long-term air pollution exposure was observed.
Other studies have shown mixed results with borderline
signiﬁcant associations primarily for fatal stroke, with NO2 (from
dispersion modelling with high spatial detail) in Denmark,5 and
statistically signiﬁcant associations for both ischemic and hemor-
rhagic stroke and NO2 (exposure based on land-use regression
models) in Japan.30 The ESCAPE study on incidence of cerebro-
vascular events found suggestive evidence of an association for
stroke and PM2.5, PM 10 and Coarse PM but not for NO2 or NOx
(exposure based on land-use regression models).6 On the contrary,
studies from England,31 Oslo3 and North America4,10,32 did not see
any elevated stroke risks associated with air pollution (mainly
based on exposure assessment with less geographic detail). A
study on women in USA, based on vicinity to urban background
monitors, found larger effect estimates for PM2.5 on cerebrovas-
cular events (and death) for within-city exposure differences than
for between-city differences, but no effects of NO2.
33 These
differences indicate that high spatial resolution is needed to
describe the air pollution contrasts that may be associated with
stroke risk.
One technical difference between our study and others' is that
we have estimated the partial contribution to air pollution levels
from road trafﬁc only, whereas most other studies have estimated
total levels. Within the Stockholm region, however, the local
spatial differences in residential levels of both PM10 and NOx are
dominated by the emissions from road trafﬁc.34 Adding a regional
background effect to all estimated values would not have
changed our results, which were based on absolute rather than
relative differences in exposure.
It is of particular interest to compare our results with those of
the recently published study on cerebrovascular events from the
ESCAPE project in which 20% of the stroke cases were in the four
cohorts in the present study. Our exposure assessment was based
on dispersion modeling, whereas ESCAPE used land use regres-
sion and our region constituted the lowest exposed area in
ESCAPE, particularly for NOx. We found suggestive evidence of
associations for both NOx and PM10, whereas no association was
observed for NOx in ESCAPE based on exposure at residential
address at study enrolment. Furthermore, the magnitude of the
effect was similar for PM10 in the two studies (14% and 11% per
10 μg/m3). Notably, the cohort-speciﬁc effect estimates for long-
term air pollution exposure and stroke in this study differed
somewhat from the estimates presented for the same cohorts in
the ESCAPE study (ESCAPE data retrieved through author corres-
pondence). These variations could to some extent be explained by
slightly diverse model adjustments, but a more probable
explanation is the choice of exposure modeling technique. A
major uncertainty with employment of both exposure assessment
methodologies in most epidemiological studies is the failure to
consider exposure contributions from occupational locations and
commuting.35 This generally would be expected to contribute to
dilution of the associations.
Consistently with other European studies on long-term effects
of air pollution on stroke, we did not ﬁnd a difference between
associating ischemic stroke and all stroke cases to PM10 and NOx.
Although short-term studies generally suggest a stronger associa-
tion with ischemic stroke,5,36–40 the literature on chronic effects of
air pollution and types of stroke is sparse and results are mixed.
A case–control study of ischemic stroke hospitalization in southern
Figure 3. Adjusted hazard ratios (HR) of stroke, in relation to time-
window exposure to NOx (per 20 μg/m
3) and PM10 (per 10 μg/m
3)
from road trafﬁc in a meta-analysis of four cohorts from Stockholm
County.
Figure 1. Modeled exposure levels of trafﬁc-generated NOx and PM10
(μg/m3) at study entry addresses in four cohorts from Stockholm.
Notes: Box layers describe the 75, 50, 25th percentile while outliers
are not shown.
Figure 2. Exposure at recruitment from road trafﬁc NOx (per 20 μg/m
3)
and PM10 (per 10 μg/m
3) and adjusted hazard ratio (HR) of stroke, in
four cohorts in Stockholm County, separately and combined.
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Sweden and yearly mean NOx averages prior to events showed no
signiﬁcant association.41 In a Danish study using address-speciﬁc
NO2 concentrations weighted over 9.8 years, the strongest
associations were found for non-speciﬁed and ischemic strokes
whereas no association was found for hemorrhagic stroke.5 A US
study did not ﬁnd a signiﬁcant association between stroke type
and the interquartile range (4 μg/m3) change in average PM2.5, PM
10–2.5 or PM10 exposure in the 12 months prior event in a cohort
including only men.10 Studies from Asia have linked air pollution
to both ischemic and hemorrhagic stroke30,42 where one
long-term study found a signiﬁcant association of yearly mean
NO2 levels from 1, 2 and 3 ﬁscal years prior a ischemic stroke and
2–3 years prior a hemorrhagic event.30 In general, hemorrhagic
stroke is less common than ischemic stroke, which leads to
lower statistical precision and power in detecting risks for this type
of stroke.
A recent review of epidemiological evidence on long-term
exposure to air pollution and cardio-respiratory mortality found
signiﬁcant heterogeneity in PM2.5 effect estimates across studies.
43
It was suggested that this was related to differences in particle
composition, inﬁltration of particles indoors, population charac-
teristics and methodological differences in exposure assessment
and confounder control. In the ESCAPE study on cerebrovascular
events based on 11 cohorts from 7 European countries,6
heterogeneity was found for all exposure metrics but NOx and
the coarse PM fraction. Age was proposed as a major hetero-
geneity source but was suggested to correlate with other cohort
characteristics.
On the other hand, studies within the ESCAPE project on acute
coronary events44 using the same cohorts, and on mortality
adding 11 cohorts,45 failed to detect such heterogeneity. In our
study, we detected between-cohort heterogeneity in the effect
estimates for long-term exposure to NOX and PM10 on stroke
incidence, even though the cohorts were based in only one
region. The two cohorts in our study not showing associations
differed from the other in certain aspects. One (SALT) lacked
information on occupation status and alcohol consumption,
available in all or most other cohorts, which probably led to
poorer confounding control. The other (SNAC-K) was considerably
older, with ages up to 105 years at recruitment, where less
susceptible “survivors” may have been enriched
SNAC-K also differed considerably from the other cohorts in
regard to prevalence of hypertension. On the other hand, the
SDPP cohort (where associations were suggested) was selected so
that diabetes heredity was more common, and those with such
heredity appeared at higher risk of stroke associated with air
pollution exposure. This cohort also had a longer observation
period than the other because of earlier recruitment. However,
taken together, we cannot ﬁnd explanations that fully account for
the observed heterogeneity.
A strength of our study consisted in the detailed assessment of
air pollution for each subject, which took changes in residential
address and calendar time into account. In addition, individual
data on many cardiovascular risk factors were available along with
information on potential contextual confounders. National health
registries that are validated, for example regarding stroke,46 were
used to obtain the outcome data which minimized the risk of
misclassiﬁcation, although the quality of differentiation between
ischemic and hemorrhagic stroke was lower during the earlier
years of follow-up. Furthermore, the individual cohorts were rather
small limiting the statistical power to detect associations,
particularly in analyses of subgroups and interactions.
In conclusion, our ﬁndings indicated a possible association
between local air pollution from road trafﬁc and incidence of
stroke in a combined analysis of four cohorts from Stockholm
County. No clear differences in risk related to time windows of
exposure were seen, but the interpretation was hampered by a
limited statistical power in these analyses.
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ABSTRACT   
 
Background  
Few prospective studies have assessed the role of timing of exposure for the risk of 
developing coronary events (CE) following long-term exposure to ambient air pollution. 
Methods 
A total of 22,587 individuals aged 35-104 years were enrolled between 1992 and 2004 in four 
cohorts from Stockholm County and followed through 2011. Outdoor levels of NOX and PM10 
from local traffic were estimated annually for the residential addresses from 1987 to the end 
of follow-up, using dispersion models. Information on lifestyle and other environmental 
exposures was obtained from questionnaires and clinical tests, while national registries 
provided data on morbidity and mortality from CE. Cox proportional hazards regression 
analyses were performed for both pollution components at recruitment address and for 
different time windows in each cohort and combined in meta-analyses. 
Results 
A total of 913 coronary events were observed during the 237,723 person-years at risk. The 
meta-analyzed hazard risk ratios for CE related to traffic exposures at time of enrolment were 
1.14 (0.78- 1.49) per 10 µg/m³ PM10 increase and 1.02 (0.82- 1.27) per 20 µg/m³ increase of 
NOx concentration. No specific time window appeared to be of particular importance for the 
risk of CE. Sensitivity analysis did not reveal clear differences in risks between non-fatal CE, 
incident CE or myocardial infarction.  
Conclusions 
We observed suggestive evidence of elevated risk for coronary events from long-term 
exposure to comparatively low levels of air pollutants from road traffic, without any clear 
effect modification by timing of exposure. 
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INTRODUCTION 
Epidemiological studies indicate that air pollution exposure is a risk factor for various 
cardiovascular outcomes and several pathophysiological pathways have been proposed.[1] 
Most studies of the association between long-term air pollution exposure and coronary events 
(CE) have focused on mortality and generally found increased risks.[2] However, coronary 
events are mostly non-fatal, which implies the need to also study incident coronary events. 
The few available reports on incident coronary events have mostly found no relation with 
NOx/NO2 but more varying results for particulate matter exposure.[3-8] For instance, an 
intervention study in Ireland demonstrated decreased cardiovascular mortality within a year 
after drastically lowered levels of black smoke.[9] Similarly, exposure within a few years 
prior to the event has been associated with stronger effects compared to other time-periods for 
mortality from cardiovascular disease [10] and myocardial infarction.[11] Other studies on 
CE did not find time-windows of particular importance.[7, 12, 13]  In the only study 
investigating time windows of exposure relevant to incident coronary events no effect 
modification was observed by timing of exposure.[14] Therefore, there is a need for further 
studies addressing the role of specific time-windows of exposure in relation to incident CE. 
Previous studies on long-term air pollution exposure and CE have commonly included areas 
exceeding the WHO guidelines for particulate exposure, e.g. 20µg/m
3
 for annual mean 
exposure of particulate matter with an aerodynamic diameter of less than 10 micrometer 
(PM10). However, the effect of air pollution on CE risk does not seem not to have a threshold 
level,[4] implying a need for risk assessment in areas with comparatively low air pollution 
levels. Furthermore, the effect of long-term air pollution exposure from specific sources on 
incident CE has not been investigated, since most studies have used exposure metrics 
capturing combinations of pollution sources. A further exploration of the effect of air 
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pollutants generated by road-traffic on incident CE could be of importance for prioritization 
of preventive measures.  
The aim of this study was to investigate the relation between individual long-term exposure to 
air pollution from road traffic and incident coronary events in an area with comparatively low 
levels of exposure. We related the hazard of coronary events to subject specific exposure at 
study entry and in several time windows using time-space adjusted exposure data in a 
combined analysis of four cohorts from Stockholm County, Sweden. 
 
 
 MATERIAL AND METHODS 
Study population 
Individual data was collected on men and women who had been enrolled between 1992 and 
2004 into four cohorts based in Stockholm County. The Stockholm Diabetes Preventive 
Program (SDPP) is a population-based prospective study which recruited 3128 men in 1992-
1994 and 4821 women in 1996-1998 from five municipalities in Stockholm County. The 
study participants were 35-56 years old at recruitment and selected so that none had been 
previously diagnosed with diabetes and about half of the participants (53%) had a family 
history of diabetes (one first degree relative or two second degree relatives)[15]. The cohort 
study of 60 year olds (SIXTY) invited a random sample consisting of one third of all men and 
women who were living in Stockholm County and turned 60 years of age between August 
1997 and March 1999, in total including 4232 subjects with a focus on investigating 
cardiovascular disease.[16] The Screening Across the Lifespan Twin Study (SALT) screened 
all twins born in Sweden before 1958 during 1998-2002 for the most common complex 
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diseases with a focus on cardiovascular diseases. In the present study, the SALT participants 
residing in Stockholm County at recruitment were included, resulting in 7043 subjects 42-100 
years of age at recruitment.[17] The Swedish National study of Aging and Care in 
Kungsholmen (SNAC-K) included randomly sampled individuals >=60 years old between 
2001 and 2004 from a central area in Stockholm City.[18] A total of 3363 subjects 60-104 
years of age enrolled in SNACK. The individuals in the four cohorts were followed until the 
occurrence of a CE event, death, migration outside Stockholm County, or 31st December 
2011, whichever came first.  
At enrolment in the cohorts, individual data were collected from questionnaires on socio-
demographic characteristics such as occupational status and education, and on life style 
factors including smoking status, levels of physical activity, alcohol consumption and 
antihypertensive treatment. For diabetes and hypertension, information was obtained either 
from questionnaires or clinical investigations. Socio-economic data on neighborhood level 
were retrieved from Statistics Sweden. The neighborhoods were small geographical units with 
an average population of 1000-2000 subjects considered to be homogenous with regard to 
socio-economic characteristics. Definitions of the covariates are provided in supplementary 
material table1, online supplements. The study was approved by the Ethical Review Board 
Stockholm, Sweden. 
 
Outcome data 
For all individuals, data on coronary events were retrieved from the National Hospital 
Discharge Registry and the National Cause of Death Registry, including data from February 
1964 to December 2011. The following international classification of diseases (ICD) codes 
were used to define a coronary event: “Acute Myocardial Infarction” or “Other acute and sub-
acute forms of ischemic heart disease” (ICD9: 410; 411; ICD10: I21, I23, 120.0, I24), in the 
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Hospital Discharge Registry and “Ischemic heart disease” (ICD9: 410-414; ICD10: I20-25) in 
the Cause of Death Registry. The event was classified as fatal if the person passed away 
within 28 days after the disease onset. Only coronary events after recruitment to the respective 
cohort were included in the main analyses. Events occurring before this time were used to 
define whether a coronary event during the study period was incident (i.e. the first-ever event) 
Hypertension was assessed for analyses of effect modification and defined as ≥ 140 mmHg 
systolic, or ≥ 90 mmHg diastolic blood pressure, or intake of blood pressure lowering 
medication or in the SALT cohort based on self-reported data on prevalent hypertension. 
 
Exposure assessment 
Individual long-term exposure to ambient air pollution from road traffic was estimated using 
NOx as a marker of vehicle exhaust and particulate matter PM10 as a marker for road wear. 
Changes of residential address and year-specific and source-specific mean exposure levels 
were taken into account using a methodology described in detail elsewhere [19, 20]. In brief, 
residential histories retrieved from the Swedish tax authorities were available for all cohort 
participants from 1991 until 2010, including the date from which the person resided at each 
particular address. When transferring this system into electronic format in 1991, the address 
entered for each individual may have had a start date earlier than 1991 if this was still the 
valid residential address. Migration from Sweden or Stockholm County was also recorded by 
the Swedish tax authorities. Ninety percent of the residential addresses within Stockholm 
County were geocoded by matching against the databases of the Swedish Mapping Cadastral 
and Land Registration Authority, and additionally 9 % were coded manually. One percent of 
the addresses could not be geocoded, mainly due to insufficient address detail.  
Outdoor concentrations of NOx and PM10 from local road traffic emissions were calculated for 
all geocoded addresses for every year from 1987 until end of follow-up, using a Gaussian air 
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quality dispersion model and a wind model, both part of the Airviro Air Quality Management 
System (SMHI, Norrköping, Sweden; http://airviro.smhi.se). The emission inventory of the 
Stockholm and Uppsala County Air Quality Management Association provided input data to 
the model calculations. The inventory is updated yearly since 1993 and contains detailed 
emission information from several pollutant sources, including road traffic.[21] Tail pipe 
emissions of NOx and PM10 were described by emission factors for various vehicle and road 
types according to the EVA model of the Swedish Transport Administration. The EVA model 
includes scenarios for the composition of various types of vehicles and fuels, such as the share 
of diesel cars, as well as the composition of the vehicle fleet in terms of European emission 
standards (Euro classification) for different years. Non-exhaust PM, including road, break and 
tyre wear particles, were also included in the inventory.[22] 
 
The spatial resolution of the dispersion calculations was 25 x 25 meters for central Stockholm 
and in the urban parts of the municipalities of Solna, Järfälla and Södertälje, 100 x 100 meters 
in other urban areas and 500 x 500 meters in rural areas. The model calculation height was 2 
meter above ground level in open country and 2 meter above roof height in urban areas, 
handling buildings by using a roughness parameter .[23] The Gaussian model thereby 
underestimates the NOx and PM10 concentrations in narrow street canyons with poor 
dispersion conditions Therefore, additional adjustment of the modelled concentrations was 
made to all addresses with multistory houses on both sides within 30 m of the most polluted 
street segments in the inner city of Stockholm, using the AirViro street canyon model 
(http://airviro.smhi.se). The calculated street canyon contribution corresponds to air pollution 
concentrations at half the building height. 
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The AirViro Gaussian model has been validated in several studies,[21, 24] most recently 
within the European ESCAPE study.[25] Modelled estimates of NO2 and PM10 were 
compared with measured levels 39 respectively 19 monitoring sites within Stockholm County, 
providing Spearman rank correlations of 0.76 for NO2 and 0.58 for PM10. The Airviro Air 
Quality Management System was used to create emission data bases every five years from 
1990 for NOx and for the year 2004 for PM10. The residential NOx and PM10 concentrations 
for years for which no emission data-base had been constructed were estimated by re-scaling 
based on annual measurements of traffic flow across the urban area boundary of Stockholm. 
Time-space adjusted annual exposure estimates were used to construct both study entry 
exposure and time-weighted exposure concentrations in specific time-windows.  
 
Statistical analysis 
The analysis was performed for each exposure separately and in two steps. First, cohort-
specific Cox proportional hazards regression models were fitted to estimate hazard ratios of 
coronary events associated with long-term ambient air-pollution exposure. In a second step 
cohort-specific effect estimates were combined in a meta-analysis. Person-time at risk was 
calculated from recruitment until CE diagnosis or death, with censoring at emigration or end 
of follow-up, whichever came first.  We used age as the underlying time scale in all models. 
The data was divided into 6 month risk periods, allowing use of NOx and PM10 as time-
varying covariates and adjustment for calendar year in 5 year periods. First, subject specific 
residential exposure to NOx and PM10 was related to CE at the time of study entry. Secondly, 
the exposure was calculated for each subject for each subject-specific 6-month risk period 
during the follow-up. From these data we created exposure time-windows as the mean 
averages of 0-2, 2-4, 4-6, and 6-10 year intervals prior to the end date of every 6-month risk 
 
 
10 
 
period during the follow-up. Each specific time-window was then evaluated in a separate 
model.   
 
Adjustment models were defined a priori and covariates were chosen based on the literature 
and available data from the cohorts. The fully adjusted models had a common set of 
individual-level covariates including gender, education level, smoking status, smoking 
intensity among current smokers and socioeconomic index. This index was based on current 
or last (if retired) profession and categorized into low (blue collar worker), medium (low and 
intermediate level white collar worker, and self-employed) and high (high-level white-collar 
worker). In addition, other potential confounders were included if data was available for at 
least two cohorts with at least 80% non-missing observations per cohort (for SALT alcohol 
consumption and occupational status were not available and for SNAC-K physical activity). 
Diagnostic tools were used to check the proportional-hazard assumption for all categorical 
covariates. If any variable in the individual cohort models violated this assumption, effect 
estimates were compared with a stratified Cox analysis for that cohort and covariate.[12] The 
cohort-specific results were combined using random effects meta-analysis.[26] Presence of 
heterogeneity between the cohorts was addressed using the Higgins I
2
 statistic.[27]  
Furthermore, we investigated a linear trend between subsequent exposure time windows and 
the risk of coronary events by using the time-window-specific effect estimates as a dependent 
variable and the time-window intervals as a categorical explanatory variable in a meta-
regression model.  
 
Potential effect modification by gender, smoking, diabetes, hypertension or having only one 
residential address during follow-up was investigated by cohort specific stratified analysis 
adjusted for the full set of covariates, and then combined into a meta-analysis. When 
 
 
11 
 
analyzing effect modification by diabetes, calendar year was recoded into two periods instead 
of three periods in the model for SIXTY due to lack of model convergence. In addition, effect 
modification by family history of diabetes was analyzed for SDPP and SIXTY (the two 
cohorts that had available data on diabetes heredity) by stratified analysis.  
Sensitivity analyses were performed by restricting coronary events to only non-fatal cases, 
incident cases after study enrolment or myocardial infarction. In a separate analysis, we 
explored the influence of contextual confounding by adding neighborhood mean income as an 
area-level socio-economic variable to the fully adjusted model.  All analyses were performed 
using Stata version 11.0 (StataCorp LP, College Station, Texas, USA). 
 
 
RESULTS 
A total of 22,587 subjects were recruited into the four cohorts with some overlap of 
recruitment into multiple cohorts. After exclusion of subjects from cohorts other than their 
first cohort entry, or with missing data in any of the exposures or covariates, 20,068 subjects 
remained under study, 7450 (94%) in SDPP, 3697 (87%) in SIXTY, 6004 (85%) in SALT and 
2917(88%) in SNAC-K. The four cohorts are described in supplementary table S1. At study 
entry, the age of the participants was highly variable ranging from 35 to 104 years with a 
median age of 59 years. Most participants had education up to secondary school or equivalent 
and were either in the high or medium socio-economic category. Across cohorts 14 to 25% of 
the participants were current smokers and about 25 to 45 % reported regular alcohol 
consumption (daily/weekly). Diabetes prevalence was low, ranging from 1.5 to 8.7%, while 
the proportion of hypertensive individuals was between 22.2 and 51.7% in the different 
cohorts.  
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Air pollution was successfully linked to 99% of all individual addresses in Stockholm county 
(n=43,344 addresses, on average 2.2 per individual). The median exposure concentrations of 
NOx and PM10 levels were stable over categories of covariates within cohorts but differed 
between cohorts (Table 1).  
 
A similar situation held true for NOx (data not shown). The exposure concentrations were 
most similar for the two cohorts with recruitment in the whole of Stockholm County (SIXTY 
and SALT), while the SNAC-K cohort from Stockholm city had comparatively higher 
exposure levels. The SDPP cohort had the lowest levels and least variability for both PM10 
and NOx due to the recruitment of study participants from five suburban and semi-urban 
municipalities. For the time windows, average concentrations followed the same between-
cohort variability as for the study entry exposure data (data not shown). In general, NOx levels 
became lower during the observation period while the levels of PM10 contributions were 
relatively constant. The Pearson’s correlation between modeled NOx and PM10 was high (r ~ 
0.9) in SDPP, SIXTY and SALT, and lower (r = 0.75) in SNAC-K. Overall, about half of the 
study subjects changed address at least once during follow-up. 
 
There were 913 coronary events during the 237,723 person-years of observation, 786 (86%) 
were first ever cases of CE after study entry, 831 (91%) were nonfatal and 638 (70%) were 
classified as myocardial infarction. The number of CE events was 206 each in SDPP, SIXTY 
and SNAC-K, and 295 in SALT (Table 2).  
 
The cohort-specific hazard ratio (HR) for total CE per 20 µg/m³ increase of road-traffic 
related exposure to NOx at the enrolment address ranged between 0.72 and 1.21 when 
adjusting for all covariates (Figure 1, supplementary table S2). The corresponding meta-
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analyzed HR was 1.02 (0.82- 1.27). For PM10 the cohort specific HR per 10 µg/m³ increase 
ranged between 0.97 and 1.49 with a combined HR of 1.14 (0.78- 1.49). No heterogeneity 
was indicated for either exposure. In general, the confounding by risk factors was limited in 
all cohorts as indicated by similar hazard ratios in the crude and fully adjusted models 
(supplementary table S2). 
In the time-window analysis for the fully adjusted model, meta-analyzed effect estimates did 
not indicate exposure periods of particular importance. (Figure 2, supplementary table S3), 
but the confidence intervals were wide. Results were similar for NOx and PM10 exposure. 
Furthermore, we did not find a significant trend in the relation between hazard ratios from the 
meta-analyzed exposure time-windows. There was no clear effect modification due to 
hypertension, gender, diabetes status, and smoking status or if individuals changed home 
address during follow-up (Figure 3). Restricting CE to non-fatal cases, incident cases or 
myocardial infarction cases only, or adjusting the main model for mean income as an area-
level socioeconomic indicator, did not have a major impact on hazard ratios (supplementary 
figure S1). 
 
 
DISCUSSION 
In this study, we found suggestive evidence of association between long-term exposure to 
traffic-related air pollution and the incidence of coronary events, particularly for PM10. Our 
study region had comparatively low air pollution concentrations, with PM10 levels well below 
the WHO guideline value for yearly mean exposure (supplementary figure S2). We found no 
clear effect modification by sex, diabetes, blood pressure or change of address, or when 
restricting analyses to incident CE, non-fatal CE or myocardial infarction. Furthermore, the 
time-window analyses did not indicate exposure periods of particular importance. 
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The hazard ratios for incident coronary events in this study, 1.02 (0.82- 1.27) per 20 µg/m³ 
NOx, and 1.14 (0.78- 1.49) per 10 µg/m³ PM10 are similar to the respective point estimates in 
a European-wide multi cohort study (ESCAPE) 1.01(0.98-1.05) per 20 µg/m
3
 of NOX and 
1.12 (1.01 – 1.25) per 10 µg/m3 of PM10, although air-pollution exposure was estimated using 
a different technique often referred to as “land use regression”.[4] The larger sample size in 
the ESCAPE study is reflected by the narrower confidence intervals compared with our study 
which contributed with 15% of the CE events in the ESCAPE study. Our findings are 
consistent with those of other studies relating incident CE to NOx or NO2, reporting no 
association [4-6], although some studies found increased risks.[3, 5, 12] For PM10, the hazard 
risk ratio in our study appeared larger compared with reported risk ratios in three studies from 
the US where the reported excess risk related to PM10 or coarse PM for any kind of CE was 4 
% per 7-μg/m3 or lower.[6, 7, 14] Partly, the difference in the effect estimates may be due to 
differences in particle composition in the US and Europe where Europe has more diesel 
emissions. In a study from the UK, no association was found for PM10 and myocardial 
infarction (MI), HR: 1.01(0.98–1.05) although an excess risk of 1.09 (1.05–1.14) per 3µg/m3 
increase in PM10 was seen for heart failure.[5] A higher HR was also suggested in a Greek 
cohort study where the risk ratio for IHD related to PM10 was 1.41 (0.91–2.17) per10μg/m
3
 
.[3]  The PM10 levels in the UK and in the Greek studies were considerably higher than in our 
study, which may have contributed to the higher risk estimates.   
Long-term air pollution exposure has more often been related to CE mortality than to incident 
or non-fatal CE, both for NO2/NOx and particulate exposure.[6-8, 12, 28-35] An earlier case-
control study from Stockholm reported associations for both PM10 and NO2 and fatal MI, 
especially for out of hospital deaths, but not for non-fatal MI.[36] The same was reported in a 
case-control study on NO2 and incident MI in Rome.[37] The evidence suggests that air 
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pollution exposure affects etiological pathways leading to mortality to a greater extent than 
those contributing to development of non-fatal events.  
We did not find a clear difference in the effect estimates between CE related to traffic derived 
exposure at the enrollment address versus in different time-windows, although the statistical 
power was limited for detecting heterogeneity. Still, the result is consistent with most of the 
few studies investigating the role of timing of exposure on CE mortality,[12, 13] and 
incidence.[7, 14] A US study based on MI survivors found stronger associations for both MI 
and congestive heart failure related to PM10 exposure during 1-2 years prior to the event but 
not for exposure during the same year or three years earlier.[11] Overall, the evidence is not 
clear regarding a role of specific time windows of exposure to air pollution for development 
of cardiovascular disease. Very large populations are necessary to address these questions, 
particularly in view of the substantial correlations in exposure of individuals between 
different time windows.  
  Our study had several strengths. Subject specific exposure was assessed with high spatial 
resolution and the exposure estimates considered all addresses during the observation period 
i.e. from prior study entry until the end of follow-up. We included detailed information on 
several individual cardiovascular risk factors and investigated the effect of potential effect 
modifiers and contextual confounders. Information on outcome was retrieved from validated 
National health registries minimizing the risk of bias. On the other hand, our study material 
was rather small, which resulted in a limited statistical power, particularly in sub-group 
analyses.  
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To conclude, we found suggestive evidence of association between local traffic derived air 
pollution and CE in a combined analysis of four cohorts from Stockholm County. There were 
no clear differences in risk for types of CE or for various time-windows of exposure but the 
statistical power in the subgroup analysis was limited.  
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TABLE 1. Median exposure levels of PM10 in different categories of covariates in four 
cohorts in Stockholm County. 
 SDPPa SIXTYb SALTc SNAC-Kd 
          
N 7450 3697 6004 2917 
          
Years of enrolment 1992-1998 1997-1999 1998-2002 2001-2004 
 
Age 
        
<65 1.3 3.0 3.2 7.8 
>=65 no  
observations 
no  
observations 
3.8 7.9 
 
Gender 
        
Male 1.2 2.9 3.5 7.7 
Female 1.5 3.1 3.2 7.9 
 
Education (%) 
        
Primary school or less 1.3 2.9 3.4 8.0 
Up to secondary school 
 or equivalent  
1.3 3.0 3.3 7.8 
University degree and more  1.3 3.3 3.5 7.7 
 
Occupation status (%) 
        
Employed/self-employed  1.3 3.0 N/Ah 7.9 
Unemployed  1.3 3.1 N/Ah N/Ah 
Homemaker/housewife  N/A
h
 3.1 N/Ah N/Ah 
Retired  N/A
h
 3.2 N/Ah 7.8 
 
Smoking status (%) 
        
Current smoker 1.3 3.4 3.5 8.0 
Former smoker  1.3 3.0 3.2 7.7 
Never smoker  1.3 3.0 3.4 7.9 
 
Alcohol consumption (%) 
        
Daily  1.5 3.1 N/Ah 7.6 
Weekly  1.4 3.1 N/Ah 7.8 
Seldom  1.3 2.9 N/Ah 7.9 
Never  1.2 3.2 N/Ah 8.0 
Diagnosed diabetes
e
 (%)        
Yes 1.3 3.2 3.6 7.9 
No 1.3 3.0 3.4 7.8 
 
Diagnosed hypertension
f
 (%)
 
 
        
Yes 1.4 2.9 3.4 7.9 
No 1.3 3.2 3.4 7.7 
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Socioeconomic index
 
(%)
g
 
        
 Low 1.3 2.8 3.3 8.0 
 Medium 1.4 3.1 3.4 7.9 
 High 1.3 3.3 3.4 7.8 
 
Physical activity (%) 
        
Once a month or less /<1h/week  1.4 3.1 3.6 N/Ah 
About once a week /~1h/week  1.3 2.9 3.3 N/Ah 
3 times a week or more />2h/week  1.3 2.8 3.4 N/Ah 
 
Average household income  
in neighborhood  
(SEK)   
        
< p50
i 1.3 3.0 3.3 8.5 
>=p50
i 1.4 3.0 3.4 7.8 
a
Stockholm Diabetes Prevention Program study 
b
60-year-old cohort study 
c
 Screening Across the Lifespan Twin study   
d
 Swedish National Study on Aging and Care in Kungsholmen 
e
 Information on diabetes was based on glucose tolerance test in SDPP and on questionnaire 
data in remaining cohorts. 
f
 Information on hypertension was defined by blood pressure measurements or intake of blood 
pressure lowering medication in three cohorts and through questionnaire in SALT. 
g
 Individual socioeconomic status was based on current or last (if retired) profession and 
categorized into low (blue collar worker), medium (low and intermediate level white collar 
worker, and self-employed) and high (high-level white-collar worker). 
h
 Data not available for a sufficient number of individuals. 
i
 p = percentile 
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TABLE 2. Type of specific coronary events in the analysis of four cohorts in Stockholm 
County 
 SDPP 
 
SIXTY 
 
SALT 
 
SNACK 
 
 n % 
a
 n %
 a
 n %
 a
 n %
a
 
Total amount of coronary 
events after recruitment 
 
206 100 206 100 295 100 206 100 
Non-fatal coronary events 
after recruitment 
 
197 96 196 95 265 90 173 84 
Incident
b
 coronary events 
after recruitment 
 
195 95 180 87 246 83 165 80 
Myocardial infarction
c
 152 74 132 64 199 67 155 75 
a 
Percentage of  CE events relative to the total amount of CE events. 
b 
Excluding individuals with CE events prior to the respective follow-up. 
c
 First events during follow-up not restricted to incident cases only . 
 The average follow-up time was 12 years.  
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 FIGURE 1.  Exposure at recruitment from road traffic NOx (per 20 µg/m
3
) and PM10 (per10 
µg/m
3
) and adjusted hazard ratio (HR) of coronary events, in four cohorts in Stockholm 
County, separately and combined  
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FIGURE 2. Adjusted Hazard ratios (HR) of coronary events, in relation to time-window 
exposure to NOx (per 20 µg/m
3
) and PM10 (per 10 µg/m
3
) from road traffic in a meta-analysis 
of four cohorts from Stockholm County 
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FIGURE 3. Effect modification by gender, smoking, diabetes, hypertension and relocation 
during follow-up of the association between NOx or PM10 at recruitment and coronary events 
in a meta-analysis of four cohorts from Stockholm County 
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Supplementary Materials 
 
Long-term exposure to traffic-related air pollution and coronary events in four cohorts 
from Stockholm  
 
Content: 
Supplemental Table S1: Characteristics of the study participants included in the analyses of 
four cohorts in Stockholm County  
Supplemental Table S2: Associations of modeled annual mean road traffic NOx (per 20 
µg/m
3
) and PM10 (per10 µg/m
3
) exposure at study entry address or in different exposure time 
windows and the incidence of CE in four cohorts in Stockholm County.    
Supplemental Table S3: Adjusted Hazard ratios (HR) of CE in relation to exposure per NOx 
(20 µg/m
3
) and PM10 (10 µg/m
3
) from road traffic at study entry and during different time-
windows in a meta-analysis of four cohorts from Stockholm County   
Supplemental Figure S1: Adjusted Hazard ratios for total number of coronary events or 
restricted to nonfatal, incident or myocardial infarction, or  including area-level SES, in 
relation to exposure to NOx (per 20 µg/m
3
) and PM10 (per 10 µg/m
3
) from road traffic in a 
meta-analysis of four cohorts from Stockholm County  
Supplemental figure S2: Modeled exposure levels of traffic generated NOx and PM10 (µg/m
3
) 
at study entry addresses in four cohorts from Stockholm  
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 Supplemental Table S1: Characteristics of the study participants included in the analyses of 
four cohorts in Stockholm County  
 SDPP
a
 
 
SIXTY
b
 SALT
c
 SNACK
d
 
N 7450 3697 6004 2917 
Years of enrolment 1992-1998 1997-1999 1998-2002 2001-2004 
Age, years: median  
(minimum - maximum) 
48 (35- 56) 60 (59 - 61) 56 (42- 97) 72 (60- 104) 
Male (%) 42.6 45.9 42.0 35.1 
Education (%)     
Primary school or less 25.5 27.1 21.3 24.5 
Up to secondary school or equivalent  45.4 44.3 42.8 42.2 
University degree and more  29.1 28.7 35.9 33.3 
Occupation status (%)     
Employed/self-employed  92.5 52 N/A
h
 26.6 
Unemployed  7.5 9.9 N/A
h
 N/A
h
 
Homemaker/housewife  N/A
h
 7.7 N/A
h
 N/A
h
 
Retired  N/A
h 
30.3 N/A
h 
73.4 
Smoking status (%)     
Current smoker 25.4 19.3 19.8 14.4 
Former smoker  36.7 39.5 44.4 36.7 
Never smoker  38.0 41.3 35.9 48.9 
Number of cigarettes/day for current 
smokers mean ± SD 
13.4 (7.3) 13.0 (7.1) 13.0 (7.6) 10.7 (7.9) 
Alcohol consumption (%)     
Daily  7.4 4.3 N/A
h
 20.1 
Weekly  37.1 20.3 N/A
h
 24.3 
Seldom  51.5 45.2 N/A
h
 46.6 
Never  4.0 30.2 N/A
h
 9.1 
Diagnosed diabetes
e
 (%)
 
    
Yes 1.5 3.9 4.1 8.7 
No 98.5 96.2 96.0 91.3 
Diagnosed hypertension
f
 (%)
  
    
Yes 24.1 51.7 22.2 30.1 
No 75.9 48.3 77.8 69.9 
Socioeconomic index
g 
(%)
     
 Low 28.3 22.1 29.3 18.4 
 Medium 26.7 55.4 52.5 30 
 High 45.0 22.6 18.2 51.6 
Physical activity (%)     
Once a month or less /<1h/week  10.7 68.6 25.6 N/A
h
 
About once a week /~1h/week  81.5 23.8 62.7 N/A
h
 
3 times a week or more />2h/week  7.8 7.6 11.9 N/A
h
 
Average household income in 
neighborhood (SEK)  mean ± (SD) 
288638 
(50935) 
301303 
(84981) 
305654 
(82263) 
351752 
(27057) 
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a
Stockholm Diabetes Prevention Program study 
b
60-year-old cohort study 
c
 Screening Across the Lifespan Twin study
d
 Swedish National Study on Aging and Care in 
Kungsholmen 
e
 Information on diabetes was based on glucose tolerance test in SDPP and on questionnaire 
data in remaining cohorts. 
f
 Information on hypertension was defined by blood pressure measurements or intake of blood 
pressure lowering medication in three cohorts and through questionnaire in SALT. 
g
 Individual socioeconomic status was based on current or last (if retired) profession and 
categorized into low (blue collar worker), medium (low and intermediate level white collar 
worker, and self-employed) and high (high-level white-collar worker). 
h
 Data not available for a sufficient number of individuals 
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Supplemental Table S 3. Adjusted Hazard ratios (HR) of CE in relation to exposure per NOx 
(20 µg/m
3
) and PM10 (10 µg/m
3
) from road traffic at study entry and during different time-
windows in a meta-analysis of four cohorts from Stockholm County   
Exposure Time of exposure HR (95%  CI) 
 
NOx 
 
At entry 
 
1.02 
 
(0.82-1.27) 
 0-2 years 1.04 (0.81-1.34) 
 2-4 years 1.09 (0.86-1.37) 
 4-6 years 1.08 (0.88-1.32) 
 6-10 years 1.11 (0.94-1.31) 
    
PM10 At entry 1.14 (0.87-1.49) 
 0-2 years 1.10 (0.85-1.43) 
 2-4 years 1.07 (0.82-1.39) 
 4-6 years 1.08 (0.83-1.41) 
 6-10 years 1.12 (0.86-1.47) 
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Supplemental Figure S1. Adjusted Hazard ratios for total number of coronary events or 
restricted to nonfatal, incident or myocardial infarction, or  including area-level SES, in 
relation to exposure to NOx (per 20 µg/m
3
) and PM10 (per 10 µg/m
3
) from road traffic in a 
meta-analysis of four cohorts from Stockholm County  
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Supplementary figure S2 
Modeled exposure levels of traffic generated NOx and PM10 (µg/m
3
) at study entry addresses 
in four cohorts from Stockholm  
 
 
 
 
 
Notes: Box plots are defined by the 75, 50, 25
th
 percentile, whiskers indicating the 1.5 IQR of 
the nearer quartile 
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Background: Land-use regression (LUR) and dispersion models (DM) are commonly used for estimating individ-
ual air pollution exposure in population studies. Few comparisons have however beenmade of the performance
of these methods.
Objectives:Within the European Study of Cohorts for Air Pollution Effects (ESCAPE) we explored the differences
between LUR and DM estimates for NO2, PM10 and PM2.5.
Methods: The ESCAPE study developed LUR models for outdoor air pollution levels based on a harmonised
monitoring campaign. In thirteen ESCAPE study areas we further applied dispersion models. We compared
LUR and DM estimates at the residential addresses of participants in 13 cohorts for NO2; 7 for PM10 and 4 for
PM2.5. Additionally, we compared the DM estimates with measured concentrations at the 20–40 ESCAPE
monitoring sites in each area.
Results: The median Pearson R (range) correlation coefﬁcients between LUR and DM estimates for the annual
average concentrations of NO2, PM10 and PM2.5 were 0.75 (0.19–0.89), 0.39 (0.23–0.66) and 0.29 (0.22–0.81)
for 112,971 (13 study areas), 69,591 (7) and 28,519 (4) addresses respectively. Themedian Pearson R correlation
coefﬁcients (range) between DM estimates and ESCAPE measurements were of 0.74 (0.09–0.86) for NO2; 0.58
(0.36–0.88) for PM10 and 0.58 (0.39–0.66) for PM2.5.
Conclusions: LUR and dispersion model estimates correlated on average well for NO2 but only moderately for
PM10 and PM2.5, with large variability across areas. DMpredicted amoderate to large proportion of themeasured
variation for NO2 but less for PM10 and PM2.5.© 2014 Elsevier Ltd. All rights reserved.1. Introduction
A large number of epidemiological studies have shown a clear asso-
ciation between long-term ambient air pollution exposure and adverse
health effects (WHO, 2013). Several of these studies estimated individ-
ual air pollution exposures from stationary monitoring data, e.g. by
using the nearest air pollution monitor to represent the pollution in en-
tire cities (Dockery et al., 1993) to more complex approaches including
spatial interpolation and kriging (Brauer et al., 2008; Künzli et al., 2005).
Such methods provide estimates of large-scale spatial differences in air
pollution concentrations, but are less effective in assessing intra-urban
variation particularly when the number of monitoring sites is small. Re-
cent studies have focused on intra-urban variation of air pollution, using
indicators or proxies such as distance to the nearest road as well as
pollutant levels estimated by land use regression (LUR), dispersion
modelling (DM) including Chemical transport models (CTM) and
hybrid models (HEI, 2010).
The LUR method, ﬁrst developed by Briggs et al. (1997), uses least
squares regression to combine monitored data with Geographic Infor-
mation System (GIS)-based predictor data reﬂecting pollutant sources,
to build a prediction model applicable to non-measured locations, e.g.
residential addresses of cohort members. LUR modelling has been in-
creasingly used in epidemiological studies because it is relatively
cheap and can be easily implemented on the basis of purpose-
designed monitoring campaigns or routinely measured concentrations
and appropriate geographic predictors of air pollution sources (Hoek
et al., 2008).
DMs are based on detailed knowledge of the physical, chemical, and
ﬂuid dynamical processes in the atmosphere. DMs use information on
emissions, source characteristics, chemical and physical properties of
the pollutants, topography, and meteorology to model the transport
and transformation of gaseous or particulate pollutants through the at-
mosphere to predict, e.g., ground level concentrations (Holmes and
Morawska, 2006; Kukkonen et al., 2012). Gaussian based DMs were
originally developed as air quality management tools but have also
been used in environmental epidemiology to model long-term expo-
sures (Bellander et al., 2001; Wu et al., 2011). Chemical Transport
Models have also been used to model short- and long-term exposure
periods (Hennig et al., 2014). Few studies to date have conducted com-
parisons between LUR and DMs for their performance in estimating ex-
posures (Beelen et al., 2010; Cyrys et al., 2005; Dijkema et al., 2011;
Gulliver et al., 2011; Marshall et al., 2008; Sellier et al., 2014). These
studies included different models, spatial resolution, pollutants and
study areas, factors likely to have contributed to inconsistent ﬁndingswithin individual studies. As both LUR and DM are applied in epidemi-
ology, there is a need formore comparison studies of thesemethods, ad-
dressing their respective advantages and strengths depending on the
speciﬁc air pollution and health-related questions which are sought to
be answered.
We compare LUR and DM to assess spatial variation of annual aver-
age ambient air pollution estimates at residential addresses within the
framework of the European Study of Cohorts for Air Pollution Effects
(ESCAPE), not taking into account population activity patterns or indoor
air pollution. The ESCAPE study developed LUR models to estimate ex-
posure at the residential addresses of cohort participants based on uni-
form monitoring campaigns and uniform modelling approaches in 36
study areas (Beelen et al., 2013; Cyrys et al., 2012; de Hoogh et al.,
2013; Eeftens et al., 2012a,b). To several of these study areas we apply
DM or use existing DM output, allowing for an in depth comparison to
better understand the differences and/or agreements between LUR
and DM estimates for use in epidemiological studies with long-term ex-
posures.We include a range of exposure environments and populations
across Europe, and focus, in particular, on the differences in estimated
exposure at the individual participant level which is most relevant for
interpretation of epidemiological studies.
2. Materials and methods
Weestimated annual average outdoor air pollution concentrations for
NO2 in 13, PM10 in 7 and PM2.5 in 4 of the 36 European cities/areas includ-
ed in the ESCAPE study using both LUR and DM (Umeå region, Sweden;
Stockholm County, Sweden (PM10); Helsinki—Vantaa region, Finland
(PM2.5); Bradford, UK; London, UK (PM10); Netherlands (PM10 &
PM2.5); Ruhr Area (PM10 & PM2.5), Germany; Basel, Switzerland; Geneva,
Switzerland; Lugano, Switzerland (PM10); Rome, Italy (PM2.5); Barcelona,
Spain (PM10); Athens, Greece (PM10)). The selection of study areas was
based on the availability of existing dispersion models. A general discus-
sion of these two modelling approaches is reported elsewhere (Hoek
et al., 2008; Özkaynak et al., 2013).
We conducted several comparisons, depending on the comparability
of the model outputs. The main comparison between the methods was
made at the residential address of cohorts participants (referred to as
LUR-DM). We also compared the DM estimates withmeasured concen-
trations at the ESCAPE monitoring sites. This was an independent vali-
dation, as monitoring data from the ESCAPE sites were not used as
input data in the DM models. Recent studies have documented that
the model R2 and the leave-one out cross-validation R2 overestimate
the predictive ability of LUR models at independent sites (Basagaña
384 K. de Hoogh et al. / Environment International 73 (2014) 382–392et al., 2012; M. Wang et al., 2013). Therefore we cannot directly com-
pare the explained variance of the LUR models with the explained var-
iance of the dispersion models. Furthermore, we did not have a
sufﬁciently large set of independent monitoring data available within
the study areas to serve as an independent test set for both LUR andDM.
2.1. Description of cohorts
We used address locations of cohort participants as the basis for the
LUR-DM comparison by study area. Themajority of cohorts in this anal-
ysis were also used in the ESCAPE health studies: EPIC in Umeå (SE),
SDPP, 60 years cohort, SALT and SNAC in Stockholm (SE), FINRISK in
Helsinki (FI), Born in Bradford (UK), EPIC-Oxford in London (UK),
PIAMA in the Netherlands, Heinz Nixdorf Recall (HNR) study in the
Ruhr area (DE), SAPALDIA in Basel, Geneva and Lugano (CH) and
SIDRIA in Rome (IT). For Barcelona (ES), we chose the larger population
of the ARIBA cohort (n = 8,402), rather than the ECRHS cohort (n =
297) used in ESCAPE. Due to conﬁdentiality, address locations of the
EPIC cohort in Athens (GR) were not available; instead we used 1500
randomly selected addresses across the study area to act as a cohort sur-
rogate. Most of the study areas were large cities and the surrounding
suburban or rural communities; however, some of the cohorts covered
larger regions, such as PIAMA in the Netherlands. In total, we used
112,971 address locations over 13 cohorts.
2.2. Land use regression modelling
The ESCAPE study involved harmonised monitoring campaigns for
NO2 in 36 study areas and PM10/PM2.5 in 20 study areas, as described
in Cyrys et al. (2012) and Eeftens et al. (2012a). In brief, in each study
area ameasurement campaignwas carried out during three 2-week pe-
riods within one year. The complete monitoring period across all study
areas was between 2008 and 2011. Ogawa badges were used for moni-
toring of NO2 and Harvard Impactors were used for monitoring of PM.
Care was taken to select site locations to incorporate relevant intra-
urban spatial variation in trafﬁc and land use characteristics. Adjusted
annual mean concentrations for each site were then estimated with
the aid of measurement data from an all-year running reference site in
an urban background location in each study area.
Based on these measurements, LUR models were developed in each
study area following a standardised approach (Beelen et al., 2013;
Eeftens et al., 2012b). Geographical Information Systems (GIS) predictor
variables were collected for all study areas centrally (EU-wide datasets
including CORINE land cover, EuroStreets road network, altitude and
population density) and locally (trafﬁc data and, where available,
more detailed land cover data). Circular buffers with radii of 25, 50,
100, 300, 500, and 1000 m were used to calculate trafﬁc and road vari-
ables for each monitoring location. For land use and population, buffers
of 100, 300, 500, 1000, and 5000 m were calculated. LUR models were
developed combining the adjusted annual means and the GIS predictor
data in each study area following a stringent set of rules. Linear regres-
sion was performed in a stepwise logical standardised approach, de-
tailed by Eeftens et al. (2012b). Predictors giving the highest adjusted
R2 were subsequently added to the model if they conformed to the di-
rection of effect deﬁned a priori and addedmore than 1% to the adjusted
R2. Final models were checked for p-value (removed when p-value
N0.10), co-linearity (variables with Variance Inﬂation Factor (VIF) N3
were removed and model rerun) and inﬂuential observations (models
with Cook's D N1 were further examined). The ﬁnal models were eval-
uated by leave-one-out cross validation (LOOCV).
Model structure,modelR2 and LOOCV R2 of the LURmodels in the in-
cluded 13 study areas are shown in Table A.1. LURmodel predictions at
the cohort address were based on predictor values restricted to the
range of observed values at themonitoring sites, in order to prevent ex-
trapolation beyond the range for which the model was developed.2.3. Dispersion modelling
DM was applied in the 13 study areas by third parties using input
data including trafﬁc ﬂow, road geometry, other non-trafﬁc pollution
sources (e.g. industrial and agricultural sources),meteorological param-
eters and concentrations measured at regional and urban background
sites. In ten of the 13 study areas a Gaussian plume DM was used:
Airviro in Stockholm and Umeå Region; CAR-FMI in Helsinki; ADMS-
Urban in Bradford, London and Barcelona; CAR and Pluim Snelweg
(motorway) in the Netherlands; Pollumap DM 2010 in Basel, Geneva,
and Lugano. Two areas used Eulerian or chemical transport models:
EURAD-CTM in Ruhr area; Flexible Air quality Regional Model (FARM)
in Rome and one used a Computational Fluid Dynamic (CFD) model;
MEMO/MARS-aero in Athens. Information about the DM by study area
is shown in Table 1. Models differed in the sources included (all models
including trafﬁc sources but some additionally including industry and
agricultural sources), the scale of assessment and the representation
of regional background (most used routinemonitoring data). The effec-
tive spatial scale of the receptor-oriented methods depends on several
factors, e.g. the precision of the spatial description of sources and topog-
raphy, and could not be estimated. DM estimates were extracted to the
addresses of the cohorts involved.
2.4. Statistical analyses
Exposure estimates from LUR andDMwere compared at the address
level. We calculated Pearson (R) and Spearman (Rho) correlation
coefﬁcients and show scatterplots of the relationship. The LUR and DM
exposure estimateswere also categorised into quintiles as epidemiolog-
ical studies often use categorical analyses to relax the assumption of a
linear association. Kappa coefﬁcients were calculated to assess the
level of agreement beyond chance. Bland–Altman plots were produced
to further investigate the agreement between the two methods, specif-
ically to test whether the difference between LUR and DM depends on
the absolute concentrations. In addition, the correlation between the
DM estimates and monitored concentrations at the ESCAPE monitoring
sites was calculated (R and Rho) and visualised in scatterplots (DM-
MON).
Statistical analysis was carried out in STATA version 11.0 (StataCorp
LP, College Station, Texas, USA).
3. Results
3.1. Comparison of LUR and DM at address level
Distributions of LUR and DMpredictions at the cohort addresses, the
correlation and Kappa coefﬁcients are shown in Table 2. Fig. 1 shows
scatterplots of LUR and DM predictions.
3.1.1. NO2
LUR and DM estimates of NO2 levels for cohort members were avail-
able for the 13 study areas at a total of 112,971 residential addresses.
The correlation (Pearson R) between LUR and DM estimates of NO2
levels at cohort addresses varied from 0.19 (Athens) to 0.89 (The
Netherlands; Fig. 1, Table 2). The Spearman rank correlation (R) ranged
from 0.21 to 0.90. The median Pearson and Spearman correlation coef-
ﬁcients were 0.75 and 0.77 respectively, indicating overall good agree-
ment. The agreement by quintiles ranged from 24% to 62%. Kappa
statistics ranged from 0.005 to 0.52 (Table 2).
The overall median of estimated NO2 concentrations was slightly
higher for LUR (21.4 μg/m3) than for DM predictions (17.3 μg/m3).
The difference between LUR and DM median estimates was up to
11.9 μg/m3 (Rome; Table 2). In the areaswith the largest differences be-
tween LUR and DM estimates, the DM/CTM modelled an average con-
centration over an area of 0.25–1 km2, in contrast to LUR which
modelled concentrations at individual address (receptor) points. The
Table 1
Details of atmospheric dispersion models used to predict air pollution concentrations in each study area.
Study area Name of
dispersion
model
Type Pollutants Geographical
resolution
output
Year
output
Regional
background
Sources Street
canyon
Reference(s)
Umeå region,
SE
Airviro Gauss
dispersion model
Gaussian plume NO2 50 × 50 m 2010 Monitoringa T, P, Rb No SMHI (1993)
Stockholm
County, SE
Airviro Gauss
dispersion model
Gaussian plume NO2, PM10 25 × 25 m
in urban,
500 × 500 m
in rural area
2009 Monitoringa T Yes SMHI (1993)
Helsinki-Vantaa
region. FI
CAR-FMI
(Contaminants
in the Air from a
Road – Finnish
Meteorological
Institute)
Gaussian plume NO2, PM2.5 At unique
receptor points
2010 Monitoringa T No Kukkonen et al. (2001),
Karppinen et al. (2000)
Bradford, UK ADMS-Urban Gaussian plume NO2 At unique
receptor points
2009 Monitoringa T, A No Carruthers et al. (2000)
London,
Oxford, UK
ADMS-Urban Gaussian plume NO2, PM10 10 × 10 m 2011 Monitoringa T, A Yes Carruthers et al. (2000)
Netherlands GCN (Generic
Concentrations in the
Netherlands), for the
regional/urban
background, Pluim
Snelweg for the
motorways and
provincial roads,
CAR model for the
urban roads
Gaussian plume NO2, PM10,
PM2.5
25 × 25 m 2009 Modelc T, P, A Yes,
included
in CAR
Velders et al. (2013)
Wesseling and
Visser (2003)
Wesseling and
Sauter (2007)
Ruhr Area, DE EURopean Air Pollution
Dispersion (EURAD)
model system
Dispersion and
chemical transport
model
NO2, PM10 1 × 1 km 2006-
2008
Monitoring T, P, R,
A
No Memmesheimer et al.
(2004)
Basel, Geneva
and Lugano,
CH
Pollumap dispersion
model 2010
Gaussian plume NO2 (All), PM10
(Lugano only)
100 × 100 m 2010 T, A No SAEFL (2003)
Gariazzo et al. (2007)
Rome, IT Flexible Air quality
Regional Model
(FARM)
Eulerian chemical
transport model
NO2, PM2.5 1 × 1 km 2007 T, A No Gariazzo et al. (2007)
Finardi et al. (2009)
Barcelona, ES ADMS-Urban Gaussian plume NO2, PM10 5 × 5 m for
NO2,
100 × 100 m
for PM10
2008 Monitoringa T, P, R,
A
Yes Carruthers et al. (2000)
Athens, GR MEMO/MARS-aero Eulerian chemical
transport model
NO2, PM10 500 × 500 m 2008 Model No Moussiopoulos et al.
(2012)
a Monitoring data from regional background station.
b T = trafﬁc; P = point sources; R = residential heating; A = area source for all non-trafﬁc sources.
c Combination of monitoring and modelling at 1 × 1 km scale.
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was however not large in these areas (b~30%).
The estimated ranges of NO2 concentrations differed for the two
methods, with some study areas showing a distinctly narrower range
for LUR estimates compared to DM estimates (Bradford and the
Netherlands) and other study areas showing a larger range for LUR esti-
mates than for DM estimates (Ruhr Area, Athens, Lugano, Barcelona,
and London).3.1.2. PM10
PM10 concentrations were modelled with LUR and DM for 69,591
residential addresses in 7 study areas. The correlation between LUR
and DM was generally lower and the differences in levels larger than
for NO2 (Table 2, Fig. 1). A large difference of 20 μg/m3, for instance,
was found between median PM10 concentrations for LUR and DM in
Athens, whereas the differences in the Netherlands and Lugano were
small (0.3 and 1.2 μg/m3 respectively). The median Pearson and Spear-
man correlation coefﬁcients between LUR and DM estimates were 0.39
and 0.49 respectively. Lugano, the Netherlands and London showed the
highest correlations (Pearson) between the 2 methods (R= 0.66, 0.56
and 0.52 respectively). In several of the LUR predictions the impact of
truncation to the highest value of predictor variables at the monitoringsites is visible, e.g. in the Netherlands (Fig. 1). In Stockholm, the disper-
sion model had a lower bound, deﬁned by the measured regional back-
ground used as input in the model. The percentage of agreement by
quintiles ranged from 25 to 55%.3.1.3. PM2.5
Estimated PM2.5 concentrations were modelled in four study areas
(Helsinki—Vantaa region, the Netherlands, the Ruhr Area, and Rome)
for a total of 28,159 residential addresses. In the Netherlands there
was a high correlation (Pearson R= 0.81), with similar median PM2.5
concentrations for both methods, but with a larger range for DM esti-
mates (14.5 μg/m3) compared to LUR estimates (6.2 μg/m3). The other
three study areas showed low correlations between the LUR and DM
estimates.
The Bland–Altman plots (Fig. A.1) were inspected to assess the
agreement over the concentration range between the two methods.
The majority of points were located within +/− 2 times the standard
deviation; however, there were quite different patterns for the different
study areas and pollutants. Fig. A.1 shows that bias rarely is zero (only
Basel (NO2), Netherland (NO2, PM10, and PM2.5), Lugano (PM10) and
Helsinki, and Rome (PM2.5) have an absolute mean difference of less
than 1 μg/m3). Secondly the upper- and lower-limits of the 95% range
Table 2
Descriptive and comparison statistics of LUR and dispersion estimates (μg/m3) at cohort address for NO2, PM10 and PM2.5.
LUR predictions (μg/m3) DM predictions (μg/m3) Comparison of LUR with DM
Continuous: DM = Constant + Slope × LUR Quintiles
Study area Na Median P05 P95 P95–P05 Median P05 P95 P95–P05 Spearman's
Rho
Pearson
R
Constant Slope RMSE Agreement
(%)b
Kappa
NO2
Umeå region, SEc 4575 6.8 4.1 16.4 12.2 12.5 5.6 20.6 15.0 0.782 0.792 5.17 0.93 2.63 48.3 0.352
Stockholm County, SEc 39409 9.6 6.4 20.9 14.5 6.5 3.3 18.1 14.9 0.791 0.856 −1.98 0.93 2.46 48.9 0.361
Helsinki—Vantaa region, FIc 5871 16.0 9.0 25.5 16.5 9.0 7.0 17.0 10.0 0.762 0.745 2.01 0.52 2.34 43.7 0.297
Bradford, UKc 20919 24.0 18.9 29.0 10.1 18.3 14.0 26.5 12.5 0.820 0.667 −1.62 0.86 3.06 49.2 0.365
London, UKc 7089 33.3 21.7 45.5 23.8 32.0 21.1 42.6 21.4 0.836 0.798 8.55 0.70 4.05 55.2 0.441
Netherlandsc 7295 22.7 12.7 33.9 21.2 24.0 11.4 38.2 26.8 0.901 0.891 −2.37 1.13 3.70 61.8 0.523
Ruhr Area, DEd 4809 29.6 23.4 38.6 15.2 37.5 30.8 44.1 13.3 0.428 0.389 28.45 0.30 3.51 31.0 0.138
Basel, SUc 1118 29.0 18.3 34.3 16.0 30.5 21.4 34.4 13.1 0.771 0.768 11.11 0.65 2.71 48.9 0.362
Geneva, SUc 737 26.4 16.2 38.7 22.6 31.7 24.4 36.0 11.7 0.708 0.657 21.73 0.36 2.84 41.4 0.267
Lugano, SUc 1090 26.6 11.8 39.2 27.3 30.9 22.9 34.8 12.0 0.773 0.819 20.43 0.37 1.97 50.2 0.377
Rome, ITd 10157 38.1 25.5 56.1 30.5 50.0 31.5 59.4 27.8 0.406 0.386 33.35 0.36 7.65 29.4 0.120
Barcelona, ESc 8402 57.1 38.5 85.1 46.6 54.0 39.7 78.4 38.7 0.687 0.688 21.41 0.59 8.84 43.3 0.292
Athens, GRd 1500 36.0 23.4 59.5 36.0 47.0 36.5 56.4 19.8 0.207 0.188 42.86 0.10 6.35 23.9 0.005
All 112971 21.4 17.3
PM10
Stockholm County, SEc 39409 15.1 6.2 20.4 14.2 10.0 7.8 16.6 8.8 0.378 0.367 6.83 0.29 2.82 31.2 0.140
London, UKc 7089 16.9 14.9 20.9 6.1 21.7 20.7 23.0 2.4 0.554 0.517 17.94 0.22 0.65 55.2 0.441
Netherlandsc 7295 24.6 23.8 27.1 3.3 24.9 20.4 27.2 6.7 0.625 0.556 −4.88 1.16 1.91 42.0 0.275
Ruhr Area, DEd 4809 27.5 25.3 31.6 6.3 18.0 15.1 22.5 7.4 0.328 0.346 5.97 0.43 2.18 24.8 0.060
Lugano, SUc 1087 23.3 18.0 27.4 9.4 24.5 20.4 25.9 5.5 0.575 0.659 13.87 0.43 1.25 39.8 0.248
Barcelona, ESc 8402 39.0 37.0 47.5 10.6 37.4 35.7 44.2 8.5 0.495 0.393 24.14 0.35 2.62 33.1 0.163
Athens, GRd 1500 47.0 24.7 64.1 39.4 27.0 23.4 30.3 7.0 0.272 0.233 24.70 0.046 2.36 26.5 0.080
All 69591 16.6 15.1
PM2.5
Helsinki—Vantaa region, FIc 5871 8.0 5.6 9.1 3.5 8.5 8.2 9.3 1.1 0.215 0.252 7.85 0.093 0.37 25.8 0.073
Netherlandsc 7295 16.5 15.4 17.3 1.9 16.8 13.1 18.6 5.6 0.879 0.812 −20.40 2.23 0.41 50.4 0.380
Ruhr Area, DEd 4809 18.3 16.9 20.4 3.5 14.7 13.1 16.7 3.6 0.391 0.327 8.21 0.35 1.12 28.0 0.100
Rome, ITd 10544 18.9 17.3 23.3 6.0 20.1 16.5 21.6 5.0 0.252 0.223 16.03 0.19 1.53 26.5 0.081
All 28159 17.4 16.8
a Number of residential addresses in the participating cohorts.
b Percentage of residential addresses falling in the same quintile.
c Spatial resolution of DM estimates ≤100 × 100 m.
d Spatial resolution of DM estimates ≥500 × 500 m.
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twomethods tends to provide higher or lower concentration estimates.
For example NO2 estimates in Bradford aremostly higherwith LUR (95%
range =−12.7 to 0.7 μg/m3) while the opposite is true in Umeå (95%
range = −0.6 to 9.8 μg/m3). For the coarse-scale models and the
three Swiss models, the DM model predictions were lower than the
LUR predictions for the highest concentrations, mostly trafﬁc locations.3.2. Comparison DM with ESCAPE monitoring results
Correlations between dispersion modelled annual average concen-
trations and adjusted annual average concentrations based onmeasure-
ments at the ESCAPEmonitoring sites are shown in Table 3 (scatterplots
in Fig. 2, Table A.2). Pearson R's correlation coefﬁcients ranged from0.09
(Athens) to 0.86 (Umeå) for NO2, with a median of 0.74. Dispersion
models that aimed to predict at speciﬁc receptor points or predict
with a very small resolution of b100 × 100 m predicted NO2 concentra-
tions better than the coarser Eulerain/CFDmodels. The median correla-
tion for PM10 (0.58, ranging from 0.36 (Barcelona) to 0.88 (London))
was lower than for NO2, which again was mainly driven by the differ-
ence in scale. Among the four study areas with a DM for PM2.5, the
two models that estimated at unique receptor points or on a small spa-
tial scale (Helsinki—Vantaa region, Netherlands) predicted measured
concentrationswith correlations of 0.66 and 0.54 (Pearson), respective-
ly. Correlations for the larger scale models were 0.39 (the Ruhr Area) to
0.61 (Rome). For most of the study areas Spearman correlations weremoderate to high (ranges: NO2 0.15 to 0.88; PM10 0.47 to 0.70 and
PM2.5 0.49 to 0.70). For the majority of the study areas DM thus tend
to predict a fairly large proportion (R N 0.6) of the variation across the
measurement sites. Scatter plots of the DM-MON comparison are
shown in Fig. 2. The regression lines for NO2 generally follow the 1:1
line, whereas regression lines for PM10 and PM2.5 show departures
from the 1:1 line. Relatively large differences in NO2 concentrations
were found only in Umeå (DM N measured) and Helsinki—Vantaa re-
gion (DM b measured), though in both areas the correlationwas higher
than 0.6. PM10 concentrations were higher than the model predictions
in Athens, though the correlation was reasonable. Fig. 3 illustrates that
the agreement between LUR and DM at the cohort addresses increases
with increasing correlation between the DM and measured concentra-
tions at the monitoring sites. The agreement between LUR and DM did
not depend on the LOOCV of the LUR model.4. Discussion
To our knowledge, this is the ﬁrst study to compare LUR and DM for
assigning air pollution exposures to a large number of residential ad-
dresses in different geographical areas. In general, a distinction between
two types of DM can be made: one estimates receptor-speciﬁc concen-
trations (Gaussian) and the other estimates average concentrations for
an area (Eulerian/CFD). This has potential implications on the compara-
bility of air pollution estimates at the address level and for the down-
stream epidemiology.
GRUaNLDSST UKB UKOSUM
SWB SWLSWG IROa
FIH
GRAa
UKO SWLNLD GRUa GRAaSPB
GRUaFIH NLD IROa
NO2
PM10
PM2.5
LUR modelled annual mean concentrations (µg/m3)
D
i
s
p
e
r
s
i
o
n
 
m
o
d
e
l
l
e
d
 
a
n
n
u
a
l
 
m
e
a
n
 
c
o
n
c
e
n
t
r
a
t
i
o
n
s
 
(
µ
g
/
m
3
)
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Vantaa region, Finland; UKB = Bradford, UK; UKO = London, Oxford, UK; NLD =
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Fig. 1. Scatter plots of DM (y-axis) against LUR (x-axis) estimates (μg/m3) at residential addresses for NO2, PM10 and PM2.5.
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Table 3
Descriptive and comparison statistics of DM estimates and measurements (μg/m3) at ESCAPE monitoring sites for NO2, PM10 and PM2.5.
Monitored concentrations
at ESCAPE sites (μg/m3)
DM predictions at ESCAPE
sites (μg/m3)
Comparison of DM predictions with measured concentrations at
ESCAPE sites
Study area Na Median Min Max Median Min Max Spearman's Rho Pearson R Constant Slope RMSE
NO2
Umeå region, SEb 20 9.3 5.3 35.8 15.5 7.4 31.0 0.878 0.858 -5.36 1.02 3.88
Stockholm County, SEb 39 14.8 2.1 33.0 13.0 2.9 25.3 0.775 0.755 4.41 0.84 4.94
Helsinki—Vantaa region, FIb 25 19.7 12.2 28.5 10.6 6.6 26.7 0.753 0.658 12.64 0.63 3.78
Bradford, UKb 40 25.2 16.7 36.7 19.8 13.0 38.0 0.806 0.743 11.99 0.62 3.59
London, UKb 27 39.7 29.2 102.7 37.7 23.0 79.9 0.681 0.849 -10.83 1.39 9.06
Netherlandsb 68 28.0 12.8 57.1 27.7 11.1 47.1 0.897 0.852 1.05 0.99 5.45
Ruhr Area, DEc 29 31.2 22.2 58.4 39.2 28.5 50.2 0.459 0.391 5.47 0.72 8.98
Basel, SUb 40 31.4 16.1 47.8 31.8 21.4 35.2 0.492 0.598 -14.10 1.46 5.98
Geneva, SUb 41 30.1 16.1 51.3 31.2 20.4 40.9 0.642 0.540 -5.90 1.17 7.66
Lugano, SUb 42 27.1 12.2 59.2 31.7 23.4 39.3 0.749 0.764 -33.72 2.00 5.37
Rome, ITc 40 41.7 13.6 72.6 50.0 26.6 62.1 0.568 0.614 -8.76 1.08 10.96
Barcelona, ESb 40 54.7 13.8 109.0 51.2 28.5 78.5 0.805 0.754 -4.61 1.15 13.40
Athens, GRc 40 35.9 13.3 71.0 40.4 34.4 52.2 0.154 0.089 27.86 0.20 12.04
PM10
Stockholm County, SEb 19 18.5 5.7 35.6 15.2 7.5 19.3 0.472 0.580 11.33 1.09 5.65
London, UKb 13 18.4 16.1 31.2 22.3 21.5 30.7 0.484 0.877 -13.47 1.46 2.03
Netherlandsb 34 26.2 21.9 33.0 25.7 20.8 30.5 0.671 0.696 3.74 0.88 2.18
Ruhr Area, DEc 15 27.4 22.5 33.3 18.2 15.3 32.3 0.521 0.392 22.95 0.25 2.90
Lugano, SUb 18 23.9 18.5 32.5 24.1 20.1 25.3 0.552 0.668 -8.77 1.38 2.67
Barcelona, ESb 20 38.6 17.8 48.5 36.7 34.5 51.3 0.699 0.356 10.71 0.71 6.82
Athens, GRc 20 42.9 27.3 58.0 24.5 22.8 30.3 0.522 0.397 9.42 1.32 6.81
PM2.5
Helsinki—Vantaa region, FIb 13 8.9 7.9 10.4 8.8 8.2 10.1 0.703 0.657 1.39 0.86 0.64
Netherlandsb 34 17.4 12.7 21.0 17.5 13.4 21.0 0.485 0.540 8.4 0.52 1.54
Ruhr Area, DEc 15 18.5 15.5 21.1 14.9 13.0 25.1 0.492 0.387 15.8 0.17 1.48
Rome, ITc 18 18.5 14.2 27.0 20.5 16.6 21.9 0.598 0.612 −11.0 1.53 2.74
a Number of ESCAPE monitoring sites.
b Spatial resolution of DM estimates ≤100 × 100 m.
c Spatial resolution of DM estimates ≥500 × 500 m.
388 K. de Hoogh et al. / Environment International 73 (2014) 382–392Overall, agreement betweenDMand LURwasquite strong for NO2 in
7 out of 13 study areas, (Pearson R N 0.70). Lower agreement was found
for PM10 and PM2.5. Agreement between LUR and DM at the address
level was higher for areas where the DM correlated more strongly
with the measurements.4.1. Prediction of measured concentrations at monitoring sites
Gaussian DMs generally predicted the spatial variation of NO2 at
monitoring sites well, reﬂecting the small-scale variation of this pollut-
ant. On the other hand Eulerian/CFD DMs that modelled average NO2
concentrations on a coarser spatial scale reﬂected larger scale variations
of urban background within cities. Most models also predicted the con-
centration levels well (within about 30%), partly due to the incorpora-
tion of measured regional background concentrations. Prediction of
PM was less effective, similar to LUR models (Beelen et al., 2013;
Eeftens et al., 2012b).
Aswe did not have independent data available for a sufﬁciently large
number of locations in our cities, we cannot make a solid comparison
between the twomodels' predictive ability for the study areas. The cor-
relations between DM and measured concentrations were however
lower than for the LUR models (median LOOCV R2 was 0.80 (0.55),
0.77 (0.34) and 0.61 (0.33) for LUR (DM) NO2, PM10 and PM2.5 respec-
tively (Table A.2)). This does not necessarily imply better performance
at unmeasured locations. The model R2 only represents the predictive
ability at the monitoring sites and recent studies have documented
that the LOOCV R2 used in LUR studies only partly compensates for the
over-ﬁtting. Hold-out validation R2 has been shown to be potentially
20–40% lower than the model R2, with larger differences observed for
LUR models based on a smaller number of sites (Basagaña et al., 2012;
M. Wang et al., 2013).The RMSE of the comparison between DM and measurements
(Table 3) was larger than the RMSE of the comparison between DM
and LUR (Table 2). Although based on different locations, this might in-
dicate that both models may have similar errors in explaining
measurements.
Several previous studies have compared LUR and DM at monitoring
sites. Beelen et al. (2010) found moderate agreement (R = 0.55) be-
tween LUR and DM estimates for annual average NO2 concentrations
at a 100 × 100 m grid in the Rijnmond area of the Netherlands with
the URBIS performing better than the LUR model (R= 0.77 vs 0.47) at
18 independent sites. This is likely because the LUR model was devel-
oped for the whole of the Netherlands and lacking speciﬁc local infor-
mation for the Rijnmond area. A study in Amsterdam (NL) by Dijkema
et al. (2011) compared NO2 concentrations estimated by 2 LUR models
(regional and city speciﬁc) against the Dutch CAR dispersion model. All
models explained between 50 and 60% of the variance, although CAR
overestimated at background and underestimated at trafﬁc monitoring
sites. In Vancouver, Canada, Marshall et al. (2008) compared LUR and a
4 × 4 km chemical transport DM (CMAQ) to estimate NO, NO2, CO and
ozone. They found that LUR was better in predicting the small spatial
variations at the neighbourhood scale, whereas DM tended to be bet-
ter in predicting the urban scale variations. Cyrys et al. (2005) also
compared LUR and dispersion modelling for NO2 and PM2.5 in
Munich, Germany, at 40 monitoring sites and at 1669 addresses.
The model estimates correlated well at the 40 monitoring sites and
addresses (R N 0.79). Gulliver et al. (2011) compared LUR and DM
at 52 routine monitoring stations in London (UK) using a grouped
jack-knife approach Results showed that LUR (R2 = 0.47)
outperformed DM (R2 = 0.28). Most recently Sellier et al. (2014)
compared LUR and DM estimates for NO2 at cohort addresses in
Nancy and Poitiers (France) ﬁnding a good correlation between the
two methods (R = 0.87).
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SUM = Umeå region, Sweden, SST = Stockholm County, Sweden; FIH = Helsinki-
Vantaa region, Finland; UKB = Bradford, UK; UKO = London, Oxford, UK; NLD =
Netherlands; GRU = Ruhr Area, Germany; SWB = Basel, Switzerland; SWG =
Geneva, Switzerland; SWL = Lugano, Switzerland; IRO = Rome, Italy; SPB =
Barcelona, Spain; GRA = Athens, Greece.
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Fig. 2. Comparison of measured annual adjusted concentrations (x-axis) against DM (y-axis) estimates (μg/m3) at ESCAPE monitoring sites.
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Fig. 3. Scatterplots of Pearson R's between the LUR–DM and DM–ESCAPE comparisons for both NO2 and PM10.
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Despite the different modelling approaches of LUR and DM, the
agreement in predicting NO2 concentrations at cohort addresses
was relatively good in most study areas. This is probably due to the
importance of trafﬁc affecting small-scale spatial variation of NO2
in the predominantly urban areas. DMs have been developed exten-
sively for modelling NO2 trafﬁc sources, and LURmodels are most ef-
fective for modelling trafﬁc because of the availability of predictor
variables such as trafﬁc intensity and distance to major roads. In a
recent paper of PM composition, LUR models predicted trafﬁc-
related components (Black carbon, Cu, Fe) much better than ele-
ments for which non-trafﬁc sources were dominant e.g. Ni, V and S
(de Hoogh et al, 2013).
Compared to NO2, the lower agreement between DM and LUR pre-
dictions for PM10 is likely due to a combination of random error related
to the smaller spatial variation of PM10, the lower predictive power of
both models to predict concentrations and the smaller number of mon-
itoring sites available to develop LUR models (20 PM versus 40 NO2 in
most areas). In general, the spatial variation of the measured PM and
the predictions by both models was smaller than for NO2, consistent
with observations of a high regional background contribution to ﬁne
particle concentrations and a smaller inﬂuence of local sources
(Eeftens et al., 2012b). In several areas, for bothmodels, the spatial var-
iation of PM was relatively small compared to the prediction errors as
reﬂected by the root mean squared error.
Someof the differences in agreement between the twomodels at the
cohort addresses were caused by the different model types. The
Eulerian/CFDmodels used in the Ruhr, Rome and Athens areas correlat-
ed less strongly with LUR estimates than the Gaussian models for both
NO2 and PM10. This is probably in part caused by the coarser resolution
used by the Eulerian/CFD models compared to the Gaussian models
which therefore better predicting receptor-speciﬁc concentrations as
modelled in LUR. In epidemiological studies using the Ruhr Area
model, the coarser resolution dispersion model was therefore supple-
mentedwith distance to major roads to account for the small-scale var-
iation (Hoffmannet al., 2009). Fig. 3 illustrates that the agreement at the
cohort addresses depended on how well the DM predicted the mea-
surements at the ESCAPE monitoring sites. In addition to scale of the
model, the complexity and size of the urban environment likely affect
how well DM and LUR can predict spatial patterns. DMs for Mediterra-
nean cities have some additional challenges such as describing local
ﬂows in coastal areas with complex terrain, as well as accounting forthe intricacies of boundary layer development. In the case of Athens,
emissions have exhibited large variability (inter-annual as well as spa-
tial) over the last couple of years due to the effects of the economic cri-
sis. Therefore, the amount of emission uncertainty involved in the
Athens calculations has conceivably played a key role in the DM calcula-
tions. Interestingly, the LOOCV for the LUR models was also relatively
low in Athens.
DM and LUR models generally explained a lower fraction of mea-
sured spatial variation of PM10 compared to NO2 (Table 3 and
Tables A.1 and A.2). The continental and regional scale chemical trans-
port models commonly underestimated both the measured PM2.5 and
PM10 concentrations at the ESCAPE monitoring sites, which were de-
signed to capture speciﬁcally the variation in trafﬁc-related pollutants
and therefore oversampled high trafﬁc sites. Other reasons might in-
clude missing or under-estimated source categories (such as wild-land
ﬁres, desert dust, biogenic sources, non-exhaust emissions from trafﬁc,
shipping, fugitive dust, and sea salt), and by missing or inadequately
treated processes in themodels (such as the formation of secondary or-
ganic aerosols). Because of the urban character of the study areas, all the
Gaussian models usedmeasured concentration values at regional back-
ground stations; the above mentioned PM modelling deﬁcit for chemi-
cal transport models does not therefore inﬂuence the predicted results
in those cases. However, some dispersion models clearly under-
predicted PM10 concentrations at the ESCAPE monitoring sites, in case
of Stockholm, Ruhr Area and Athens, as can be seen based on the results
presented in Fig. 2. For those models predicting average concentrations
on a larger scale (i.e. Ruhr Area, Athens) this is a logical consequence of
the fact that these models are not designed to predict concentrations at
trafﬁc sites. Consistently, the Ruhr Area Eulerian DM model predicted
NO2, PM10 and PM2.5 better (R = 0.53, 0.69, 0.68 respectively) when
the trafﬁc sites were excluded.
As previously mentioned, LUR models are less effective for sources
other than trafﬁc (de Hoogh et al., 2013). The simple dispersion as-
sumptions in LURmodels apply better to trafﬁc emissions than industri-
al point emissions, emitted at potentially hundreds of metres above
ground. In Bradford, our NO2 LUR model under-predicted at a number
of residential addresses which were located in one residential area
with a high activity of chemical processes. While this emission source
was included in the ADMS-Urban model emission inventory, the LUR
model for Bradford did not include an industry variable, because no
ESCAPE monitoring sites were located near industrial sources.
A discussion about the Bland–Altman plots and Kappa-coefﬁcients
can be found in the Appendix (p. 4).
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The overall high correlation between LUR and (ﬁne scale) DM for
NO2 suggests that similar effects may be obtained if both approaches
are applied in epidemiological studies to assess associationswith health.
However, if predicted concentration ranges differ, the size of the effect
estimates may be different. The lower correlation for PM suggests that
health effect estimates could be more different when applied in epide-
miological studies. It remains important, however, to test directly in ep-
idemiological studies differences in effect estimates related to exposure
models. A recent study from Sellier et al. (2014) which applied four dif-
ferent exposure methods, including LUR and DM, to a cohort in Nancy
and Poitiers (France), showed some differences in estimated health ef-
fect despite moderate to high correlations between NO2 exposure esti-
mates at the cohort level
The ESCAPE study was speciﬁcally designed to investigate health ef-
fects of long term air pollution exposure, using standardised LUR as the
method of choice. Both LUR and DM are equally equipped to predict
long term exposures, but an advantage of DM is that it can more easily
deal with different time periods (e.g. hours, days, weeks, years and de-
cades, also in retrospect) by using diagnostic or real-time emission
and meteorological data. LUR models estimating daily concentrations
have been developed and applied (Gryparis et al., 2014) but their eval-
uation and use are still limited. LURmodel application is further restrict-
ed to the time period and geographical area of the monitoring
campaign, although some recent studies suggest that LUR models in
some circumstances can be transferred both back in time as well as geo-
graphically (Gulliver et al., 2013; R. Wang et al., 2013). An advantage of
LUR models, however is that exposure estimates can be generated for
absorbance, UFP, elemental composition (de Hoogh et al., 2013;
Eeftens et al., 2012b) for which few dispersion models are available.
DMs can also be used for evaluating the contributions originating
from various sources or source categories at selected locations. A specif-
ic strength of DM is its use for retrospective evaluations as well as for
scenarios for the future. DM, however is also inherently source speciﬁc
and as such requires several accurate input datasets like emission inven-
tories, and ideally, pre-processed representative meteorological data, a
thorough discussion of which has been presented by Kukkonen et al.
(2012). Although the initial development of a LUR model takes some
time, the subsequent application to residential addresses is fairly light
in terms of computing power and time. DM on the other hand needs a
lot more expertise to run and is relatively heavier in data demand and
running time.
5. Conclusions
Dispersion model estimates for outdoor NO2 with high spatial reso-
lution showed, in most countries, high correlation with measured
values andwith the corresponding land-use regression estimates for co-
hort addresses. This implies that bothmethodsmay be useful for epide-
miological studies of small-scale variations of outdoor combustion-
related air pollution, typically from road trafﬁc. The agreement for PM
levels was considerably lower than for NO2, probably reﬂecting smaller
spatial variation, less precise source characterization and/or lack of re-
lated land use descriptors. The agreement between LUR and dispersion
models with lower spatial resolution was reduced. These Eulerian/CFD
DMs provide average concentrations in a small area, thus modelling a
different aspect of person-speciﬁc exposure. The inﬂuence of data re-
quirements and whether the methods tend to give different results in
epidemiological studies need to be further explored.
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Abstract 
 
Both dispersion modeling (DM) and land use regression modeling (LUR) are often used for 
assessment of long-term air pollution exposure in epidemiological studies, but seldom in 
combination. We developed a hybrid DM-LUR model using 93 bi-weekly observations of NOx 
at 31 sites in greater Stockholm (Sweden). The DM was based on spatially resolved 
topographic, physiographic and emission data, and hourly meteorological data from a 
diagnostic wind model. Other data were from land-use, meteorology and routine monitoring 
of NOx. We built a linear regression model for NOx, using stepwise forward selection of 
covariates. The resulting model predicted observed NOx (R
2 = 0.89) better than the DM 
without covariates (R2= 0.68, p-interaction <0.001), and with minimal apparent bias. The 
model included (in descending order of importance) DM, traffic intensity on the nearest 
street, population density within 100 m radius, global radiation (direct sunlight plus diffuse 
or scattered light), and urban contribution to NOx levels (routine urban NOx less routine rural 
NOx). Our results indicate that there is a potential for improving estimates of air pollutant 
concentrations based on DM, by incorporating further spatial characteristics of the 
immediate surroundings, possibly accounting for imperfections in the emission data.  
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Introduction 
 
The number of studies on the relation between both long and short-term air pollution 
exposure from road traffic and various adverse health effects continues to grow (1, 2). Over 
time, developments in computer technology and exposure modeling have advanced modern 
exposure assessment from the use of large spatial scale exposure estimates based on a few 
continuous monitoring sites (3), to exposure estimates on much  finer “local” scales, 
describing intra-urban, cross-sectional (4) as well as temporally resolved exposure variation 
(5, 6). The  need of better modeling techniques is underlined by  documented large intra-
urban variations found in monitoring studies (7) and adequate exposure assessment is a 
crucial part of environmental epidemiology  with direct influence on study validity (8). 
 
Meteorological dispersion modeling (DM) and Land use regression modeling (LUR) are 
alternative methods describing small scale variations in air pollution levels and both have 
been documented to estimate urban outdoor concentrations of NO2 and NOx well (9). DM’s 
calculate the geographic distribution of air pollutants by combining data on emission (point, 
line and area sources), the geophysical properties of the study area, and meteorological 
conditions. In contrast to LUR, the DM can calculate concentrations at assigned locations at 
any time scale while adjusting for the interacting spatio-temporal effects of sources and 
meteorology. 
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Land Use Regression is a multiple linear regression technique used to establish the relation 
between spatially dispersed monitored air pollutant levels in a study area, and the area 
specific land use data (predictors) that best explain the monitored exposure variability. In a 
second step, exposure at any given site is calculated by applying the established regression 
formula on predictor data specific for that site (10, 11). LUR is mostly used to calculate 
spatial exposure relations for longer time periods i.e. months or years but in contrast to DM, 
the LUR design does not require an emission inventory.  
 
The exposure concentrations based on DM and LUR models generally correlate well at the 
same address sites but some disparity in between modeled levels can be found (9). Model 
selection has been demonstrated to somewhat impact the health effects estimates in the 
same epidemiological study (12). A proposed way to further minimize errors in exposure 
estimates is to combine existing models into so called “hybrid models” (10).  
 
It has been shown that LUR modeling may be enhanced by the use of time varying traffic 
data and meteorological data such as temperature, relative humidity and wind speed (13, 
14). Meteorological data has also been used to define the form of buffer areas as to  capture 
the effect of an average wind direction (15) as well as wind speed (16, 17). These studies did 
however not explore the effect of other meteorological factors such as mixing height. 
Furthermore, unlike the estimates from DM, the constructed LUR predictors did not describe 
the effect of spatio-temporally related variations in both meteorology and traffic. Such 
effects were captured in a LUR- dispersion hybrid model developed for NO2 and NOx (18). In 
this hybrid model, DM estimates were included in LUR modeling as one predictor variable 
together with data on road, land use, population and distance to coast. This hybrid model 
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was created to capture near road exposure gradients in urban and sub-urban areas and 
added further promise to a hybrid LUR-DM model by explaining more observed variability 
compared to using only DM or LUR. However, the monitors were positioned as to exclude 
infrastructural influences on meteorology by high-rise buildings and street canyons, 
therefore omitting exposure scenarios for living conditions common to many people in city 
centers and similar areas. At present, the benefits of a hybrid DM-LUR model compared to 
DM and LUR separately have been little investigated in a metropolitan setting. Additionally, 
the potential to use LUR to investigate areas of improvement in DM has not been explored.  
 
The aim of this study is to develop a hybrid spatio-temporal model for outdoor NOx levels in 
an large urban area, using NOx estimates from dispersion modelling as well as land use 
variables, meteorology and fixed monitoring data while adjusting for street canyon effects. 
We evaluated whether the hybrid model predicted better than either dispersion modelling 
or land-use regression modelling developed separately, and could be used to identify 
potential improvement of both dispersion and land-use regression modelling. 
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Material and Methods 
 
Dispersion models 
Two different dispersion models have been applied to the greater Stockholm area (35 by 35 
km). Both used a detailed emission inventory for traffic sources, with regularly updated 
traffic flows reported by the municipalities. This is a local road network database covering 
90% of all the roads in Stockholm County including information on traffic intensities for 
every road segment above 500 vehicles/24hrs. The amount of heavy traffic per road 
segment was approximated to be 4-10 % of the total traffic depending on road type 
although up to 90% at some bus routes. The road network was digitalized by each 
municipality separately for 1993-2008. Emission factors were calculated for street segments 
as the emission per vehicle and distance (NOx/vkm), based on the HBEFA model 
(http://www.hbefa.net/e/index.html). The number of vehicles at a street segment was 
adjusted for average differences according to month of year, type of day, hour of day, speed 
limit. The inventory also included other sources (19) although the dominant source of NOx in 
Stockholm County was traffic (20) for which modeling was done in this study. Both types of 
DM estimates were complemented with the corresponding 2-week average or rural NOx 
from a routine monitoring station. Both models were used to calculate one hour average NOx 
concentrations for the EXCAPE monitoring sites, averaged to correspond to the actual 2-w 
samplings at each site. 
A multisource Gaussian dispersion model was used to calculate urban background 
concentrations and non- canyon traffic sites at a 500 m spatial resolution.  The model is part 
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of the Airviro Air Quality Management System (SMHI, Norrköping, Sweden 
http//airviro.smhi.se). Meteorological data was obtained from a 50 m high mast in a 
suburban district (Högdalen) in southern Stockholm, and these data were input to a 
diagnostic wind model in order to calculate a wind field over the whole model domain. It 
should be noted that the modelled values represents the contributions to the concentrations 
from all traffic sources to a 500 m by 500 m area, whereas the monitored values are single 
points within these areas (individual streets or building effects are not resolved by this 
model). Buildings, park trees etc. are parameterized as rough surfaces, which increases 
turbulent dilution. 
The Gaussian model has been used extensively in epidemiological studies describing both 
short-term and long-term exposure concentrations on address level in Stockholm County 
(21-23). Furthermore, the model has presented a high correlation with monitored annual 
exposure R2 = 0.74-0.80  over several years (1998-2005) (24).  
  
To describe the NOx concentrations at street canyon traffic sites, the SIMAIR-road model was 
used(25) The domain of the SIMAIR-road model covered greater Stockholm although not the 
municipalities of Sundbyberg and Solna. This model calculates concentrations along 
individual streets with buildings on both sides of the street. Meteorological data were 
supplied to the SIMAIR-road model from a system called MESAN (MESoscale Analysis), which 
makes use of all available  measurement stations and radar and satellites combined with a 
background field forecast (25).  
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Spatially distributed measurements 
The spatially distributed observations of NOx were from the multinational project “ESCAPE” 
(European Study of Cohorts for Air Pollution Effects). Within the ESCAPE project a 
coordinated campaign for monitoring of study area specific levels of NOx and other 
pollutants was organized in several European countries. Based on these measurements area-
specific LUR models were later developed. The details of the measurements have been 
described elsewhere (7). Briefly, the monitoring campaign in Stockholm County was 
conducted from 01-12-2008 until 11-07-2009. The spatial variation of NOx was measured at 
40 monitoring sites distributed to capture traffic-related exposure scenarios at home 
addresses in Stockholm County. Site specific measurements were obtained for three bi-
weekly periods. The choice of periods aimed to cover seasonal variations, and up to 10 sites 
were monitored simultaneously. NOx was measured using Ogawa diffusion badges (7). 
Geographical coordinates were attributed to each monitoring site by the Swedish mapping, 
cadastral and land registration authority.  
For the purpose of this study, the following categories and inclusion criteria for the ESCAPE 
monitoring sites were successively applied: 
1. The site should be within the spatial domains of our DM models. Six sites were 
situated outside the area of the models. One of these is a rural background site (at 
Norr Malma, ca 70 km north of Stockholm) and was used as an estimate of the non-
urban source contribution to the modelled concentrations. 
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2. To avoid a strong influence from single sites with very high traffic volumes, only sites 
with < 100.000 vehicles/day on the nearest street were included (one site was 
excluded). 
3. Traffic sites should be located close to the road (≤ 15m) and if situated on a building, 
≤ 10m above street height. The façade should also face a street with ≥ 10000 veh/day  
a. For traffic sites in street canyons the SIMAIR model was used. These site had 
buildings on both sites of the street (one street canyon site was outside the 
domain of the SIMAIR model and therefor excluded). 
b.  For traffic sites in open street configurations the Gauss urban background 
model was used. 
4. Urban background sites were estimated using the Gaussian model. These sites were  
≥15 meters from the nearest street with traffic intensities of ≥5000 veh/day. One 
urban site did not meet the criteria 3 or 4 and was therefore excluded. 
The final dataset thus included 31 sites: 11 traffic, 16 urban and 4 rural sites. Each monitored 
2 week average was considered as one observation, yielding (3*31) 93 observations. 
 
We additionally collected continuous NOx data from three stationary routine monitoring 
stations (STAT) representing the regional background (Norr Malma), urban background 
(Torkel Knutssonsgatan) and traffic (Hornsgatan, located in a street canyon). The 
measurements were provided by the Environment and Health Administration of Stockholm 
(www.slb.nu) and covered the same dates as the monitor-specific 2-week periods.  
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The NOx concentrations observed at Norr Malma (regional background) were added to the 
calculated concentrations from DMs since the models only considered the contributions 
from the urban traffic sources. A 14-day period “delta urban NOx“ predictor was calculated 
as the difference between Norr Malma (regional) and Torkel Knutsson (urban) and a “delta 
traffic NOx” predictor was calculated as the difference between Torkel Knutsson (urban) and 
Hornsgatan (traffic). The last two variables were offered as predictors in LUR modeling. 
Descriptive data for the stationary monitoring and STAT predictors can be found in the 
(Supplemental Table 1). 
 
Additional spatial and temporal data 
The extraction and definition of land use data has been described elsewhere (26). Briefly, 
based on coordinates for the study-specific monitoring sites, predictor data were collected in 
a geographic information system (ArcMap 9). Predictors based on land use and population 
data were created in the form of buffer zones around monitoring sites while predictors 
based on traffic data were also based on distance from the site to the road. 
The traffic variables for Stockholm County were primarily based on the road network 
provided by the Eastern Sweden Air Quality Management Association (www.slb.nu/lvf). i.e. 
the same database used for the DM. For LUR, predictors were calculated as the inverse 
distance and the inverse distance squared to nearest road and nearest major road (m-1,m-2). 
The total length of roads (m) based on all roads and major roads only, were calculated in 
buffers of 25, 50, 100, 300, 500 and 1000 meter radii. A major road was defined as a road 
with >5000 veh/24h. The buffer sizes were selected as to describe near sources and sources 
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of urban background levels (27). For the same buffer sizes, the  “traffic load“ on the nearest 
roads was calculated as the sum of the lengths of road segments multiplied by the traffic 
intensity attributed to each segment. The same calculations were then done using heavy 
traffic intensities only.  
To adjust for missing roads, particularly for rural locations we complemented the road 
network with the Euro streets digital road network version 3.1. This road network is based 
on the TeleAtlas MultiNet TM from the year 2008. The MultiNet TM road network covers 
roads in Stockholm County with traffic intensities of less than 500 veh/day but lacks 
information on traffic intensity. The additional road information allowed us to better 
estimate the distance from all monitors to the nearest road. Furthermore, a proxy of 500 
vehicles/24h and 0 heavy vehicles/24h was attributed to these roads. This information was 
only used for predictors based on distance to road.  
Land use data were extracted from the CORINE (Coordination and Information on the 
Environmental programme) land cover data 2000 (CLC2000), governed by the European 
Environmental Agency.  The data was originally based on images from the Landsat-7 satellite 
although used in vector form in this study. The minimum mapping unit (size of vector) was 
25ha corresponding e.g. to a 500x500m square. Final predictor variables covered urban 
green, semi-natural areas, forest areas, high density residential land, low density residential 
land, industry and ports. Each predictor was based on the amount of surface area in buffer 
zones with radii of 100, 300, 500, 1000 and 5000 meter. Population density was modeled as 
the number of individuals within the buffer zones using a 100x 100m grid map with counts of 
citizens attached to each grid for the year 2005. The amount of surface water within buffer 
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zones was registered using a terrain map from the Swedish mapping, cadastral and land 
registration authority for the year 2005 with an accuracy of +/-10 meters. 
Meteorological predictors (MT) used in the LUR modelling included, temperature, relative 
humidity, global radiation and wind vectors. Wind vectors were computed as eastern and 
northern wind direction components together with a separate variable for wind speed. All 
meteorological measurements were obtained at a stationary monitoring station positioned 
at rooftop level in central Stockholm (Torkel Knutssonsgatan). The MT predictors 
represented temporally resolved 2-week averages covering the same periods as the 
monitored NOx concentrations. A descriptive table of the MT predictors can be found in the 
(Supplemental Table 1). 
 
Regression model development 
Two LUR models were developed, one standard LUR model “LUR” based on the above 
mentioned spatially land-use variables. Another LUR model, denoted “LUR+MT+STAT”, 
included also the temporally defined MT and STAT data. For both models, first, a univariate 
ordinary least squares regression model was developed for each predictor. The model best 
explaining the observed variance (R2) was kept. To this model all the remaining predictors 
were added separately using a repeated stepwise forward regression method and in each 
turn, the predictor adding the most additional explained variance was included. Predictors 
entering the model had to add at least 1% explained variance while having a coefficient with 
the correct predefined direction of effect. Furthermore, the new predictor should not 
influence the direction of effect of other predictors (28). Theoretically, we allowed for more 
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than one buffer size of the same predictor to enter the model although these predictors 
would be re-written into “doughnut-shaped” buffer forms mutually excluding each other. 
From the final model, predictors with a p-value larger than 0.1 were removed. 
The hybrid model (DM+LUR+MT+STAT) was based on the same predictor data and modeling 
technique as the LUR+MT+STAT model with the addition of DM exposure estimates offered 
as a potential predictor. As an intermediate step a DM+MT+STAT model was developed, 
similar to the above LUR+MT+STAT model. 
The variance in the regression models was estimated with a cluster robust method (29), to 
avoid the underestimation of variance because of repeated sampling. Potential 
multicolinearity between the predictors in the final models was investigated using the 
Variance Inflation factor test (VIF). If a predictor variable exceeded a VIF value of 3, the 
influence on model performance was investigated by removal of this predictor.  
The performance of all models was assessed and compared by model-specific proportion of 
explained variability (R2), the root mean square error (RMSE) and the best visual fit. To 
estimate model robustness, leave one out cross-validation (LOOCV) was applied on all the 
models (7) Differences in model performance were also tested for statistical significance 
using the Wald test. To assess the degree of association between monitored NOx and 
predictors separately in the final hybrid model, partial R2 were calculated.  
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Results 
 
During the ESCAPE monitoring period a high temporal variability was found in NOx 
concentrations observed from routine monitoring at street level, with a somewhat lower 
concentration range from late spring to early fall (April-September). The routine urban 
background NOx followed a similar pattern while the rural background levels were stable 
(Figure 1). As described by the black bars in Figure 1 the monitoring campaign had an overall 
good coverage of the variability in both meteorology and NOx exposure during the campaign 
year. 
Comparing the spatially distributed measured NOx values with the dispersion modelling 
shows that DM performed well with an R2 of 0.68 and a RMSE of 12 µg/m3 (Table1). At NOx 
levels below about 30μg/m3 there was a tendency of overestimation and for higher levels a 
tendency of underestimation (Figure 2). The basic LUR model (without any temporal 
variables) explained 58 % of the variability within the measured NOx (R
2 = 0.58, RMSE 13.9 
µg/m3) (Table 1). Similar to the DM, lower levels were overestimated and higher were 
underestimated (Figure 2). The predictors included in this model were population density 
within a radius of 300m, and the total number of vehicles per day at the nearest street 
(Table 1). 
Both DM and LUR explained measured values significantly better when also temporal 
variables were included. In the DM+MT+STAT model, the DM estimates were complemented 
with, the meteorological predictor global radiation and delta urban NOx (urban-rural). Global 
radiation levels had a clear annual pattern with peak levels in the end of April until 
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September (Figure 1). The inclusion of these predictors increased model performance (R2 = 
0.82, RMSE=9.14 (Table 1, Figure 3). The LUR+MT+STAT model included similar variables: the 
delta urban NOx (urban-rural), traffic intensity on the nearest street, population density 
within a radius of 100m and global radiation. The model performance was also similar to the 
DM+MT+STAT model, (R2= 0.80, RMSE = 9.70, (Table 1, Figure 3). 
We found the hybrid model (DM+LUR+MT+STAT) to perform better than any other model. 
The model captured 89% of the variance in the monitored concentrations (R2 = 0.89) and 
had the lowest model RMSE value (7.14). Furthermore, the predicted NOx estimates where 
more accurate across the whole exposure range (Table 1, Figure 3). The Wald test indicated 
that the difference in performance by the hybrid model compared to the DM+MT+STAT and 
LUR+MT+STAT was significant (p< 0.01.). The Hybrid model included the following 
predictors: the DM estimates, traffic intensity on the nearest street, population density 
within 100m, global radiation and delta urban NOx (urban –rural)background  (Table 1). 
Except for the DM estimate, traffic intensity on the nearest street was found to be the most 
correlated predictor according to the partial R2 (Supplemental Table 2). 
The variance inflation factor (VIF) test for multicolinearity did not indicate any strong 
correlation (VIF > 3) between predictors in any of the models, while a strong correlation 
could have led to unreliable regression coefficients. In the leave one out cross-validation 
analysis, the models explained between 2-3% less variance indicating good model 
robustness (Table 1). 
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Discussion 
 
We demonstrated the possibility to improve Dispersion modeling using a LUR framework 
and to evaluate areas of improvement in the DM. As expected, we found the final Hybrid 
model to perform better than the DM and LUR models separately.  
A similar result was found in another study (18) where the performance of a  LUR-DM Hybrid 
was compared to LUR and DM models at monitoring sites describing bi-weekly near road 
exposure gradients. The performance of the best Hybrid model for NOx in that study was 
somewhat lower compared to our model (R2 = 0.71) but some differences between the 
Hybrid models could be found. The Dispersion model output was retrieved from a simplified 
version of the Caline3 model and explained 26 % of the variance in the data (compared to 
68% in our study). Additionally, predictors based on meteorological data were also included 
as predictor variables in our model.  
Most of the variance (spatial and temporal) in the monitored data was covered by the DM, 
but the model had a tendency to overestimate the lowest NOx levels while underestimating 
high concentrations. A similar performance was found for the Dutch dispersion modeling 
tool “CAR” when used to model annual small scale variations in NO2.in the city of Amsterdam 
(30). This model mostly underestimated the local traffic contribution and displayed the least 
accuracy for the highest concentrations. This was in part explained by the authors as a 
difficulty to model complicated traffic situations such as for example often congested heavily 
trafficked roads. Several earlier studies have reported that real-world emissions are 
underestimated particularly for some vehicles (31). As clearly seen from the graph, our 
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hybrid model performed well at all concentration ranges, possibly due to the incorporation 
of very local land-use characteristics. 
The addition of global radiation was found to be important. Global radiation is a measure of 
the incoming direct sunlight as well as diffuse and scattered light. In an earlier validation of 
the Gaussian dispersion models used here for urban sites (and three open space traffic 
sites), discrepancies between monitored and modeled daily averages of NOx were proposed 
to relate to deficiencies in the model’s parameterization of mixing processes in the planetary 
boundary layer. For example, if the mixing is underestimated in the afternoon the dilution of 
the emissions will be underestimated, resulting in  high concentration of pollutants (32).  
Conceptually, the effect of global radiation should have a smaller impact on NOx levels at 
street canyon sites, where local vehicle emissions and wind speed and direction are more 
influential. We have too few observations to formally test this, but the model with global 
radiation seemed to provide a better fit at low levels. The performance of the LUR model 
(R2= 0.58) compared to the DM (R2 = 68) was good considering that only spatially related 
predictors were used to explain a 2-week average. However, we demonstrated that the 
model could be improved substantially by including also time varying meteorological and 
routine monitoring data. In earlier LUR models meteorological components such as 
temperature, relative humidity, wind speed, wind vectors and cloud cover were used on 
different time scales, but not global radiation (13-17, 33).  
The traffic and population based LUR predictors used in our hybrid model are commonly 
used in LUR modeling (34). The traffic predictor “traffic intensity on the nearest street “may 
reflect the difficulties to account for the influence of very near traffic lack or indicate an 
underprediction of  vehicle emissions.  
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The predictor “population density” has been described as a marker of air pollution variability 
related to the differences  in urban and rural living environments including sources of traffic 
and home heating (35). In Stockholm, this may act as a marker of the amount of traffic in the 
neighborhood, but could perhaps also reflect other aspects of urbanicity as e. g. street 
configuration and use of off-road machinery. Finally, a description of the temporal NOx 
variability on an urban scale “delta NOx (urban- rural)” was included in the Hybrid model. 
This may indicate that the Dispersion modeled 2-week mean levels did not fully cover the 
temporal changes related to the NOx concentrations in the City.  The traffic-related NOx 
contribution is estimated to be about 60% in this region (36) but the measured urban 
background (less rural background) was only weakly correlated to the DM estimates that 
included traffic-related NOx levels and the rural contribution (R
2 = 0.10, data not shown). 
Therefore it is likely that the time variations in urban background (less rural background) 
represents influence of non-traffic NOx sources as energy production, off-road machinery 
and shipping. Our study indicates that future improvements in the DM could decrease 
exposure misclassification both for long and -short term exposure assessment.   
This type of Hybrid model development needs dispersion modeling, routine monitoring, land 
use data and a campaign of spatially distributed measurements, and is therefore data and 
computationally intense. Ideally, spatial models trained on observed air pollution data 
should be evaluated with completely separate sets of observed air pollution measurement 
data. We did not have monitoring data for this kind of comparison, and therefore used the 
leave one out cross-validation technique. The LOOCV method  has been suggested to give 
overly optimistic R2 statistics compared to validations on external datasets for the same 
models, but the gap between validation and LOOCV R2 has been reported to be modest 
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when using  80 or more observations (37). One mechanism that may contribute to an 
inflated R2 is when a good model fit is obtained by including many predictors in relation to 
the number of observations for which variance should be explained by the model.  It has 
been suggested that linear regression models may suffer from such overfitting when the 
number of observations is less than 2 to 10 times the number of predictors (38-40). Our 
models were developed on 93 observations from 31 different sites, during 12 different time 
periods (up to 10 sites could be monitored in parallel). In the final model 3 spatial and 3 
temporal predictors (DM counted in both categories) were included, why there might be 
some overfitting for temporal variables but probably not for spatial variables.  
 
Conclusions 
 
A hybrid spatio-temporal model, combining dispersion modelling (DM), local land use, and 
centrally monitored pollutants and meteorology, explained variation of two-week average 
NOx concentrations within a metropolitan area significantly better than DM alone. This 
indicates that there is a potential for improving long-term estimates of air pollutant 
concentrations based on DM by incorporating further spatial characteristics of the 
immediate surroundings. In addition our results suggest that the inclusion of data from 
routine air pollution monitoring and meteorology may improve both DM and land use 
regression in spatially resolved short-term assessment. 
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Figures and Tables 
 
Figure 1. Mean levels of daily NOx observed at a rural, urban and traffic site and the daily 
mean global radiation during the years of the monitoring campaign in Stockholm County   
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Figure 2. Dispersion and Land use regression modeled predictions of NOx concentrations 
related to 92 bi-weekly monitored NOx observations by univariate regression   
 
 
DM =  Airviro Gauss and SIMAIR road dispersion model 
 LUR = land use regression model  
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Figure 3. Comparison of Model specific NOx predictions from three modeling scenarios; 1, 
Dispersion modeling with additional information on global radiation, 2, Land use regression 
modeling including global radiation and 3, a Hybrid model including Dispersion modeling, 
global radiation and LUR components.  
 
 
DM =  Airviro Gauss and SIMAIR road dispersion model                                                                                                                        
LUR = land use regression model                                                                                                                                                         
STAT= stationary monitoring, delta urban NOx (urban –rural)                                                                                                   
MT =meterological variables, (global radiation) 
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Table 1. Performance evaluation (coefficient of determination/root means square error and 
leave one out cross-validation) and model structures of the DM, LUR and Hybrid model 
explaining observed levels of NOx.  
Multivariate linear regression     LOOCV 
Model intercept + (slope x predictors) R2  a RMSE b R2 a RMSE b 
DM  9.67 +( 1.14x DM) 0.68 12.05 0.66 12.4 
LUR  10.12917 +( .004 x population density 300m) 
+(.001 x traffic intensity in the nearest street)  
0.58 13.90 0.55 14.2 
DM+MT+STAT 9.29+ (1.10 x DM)+ (-.059x global radiation) + 
(0.70 x delta urban NOx  (urban-rural)) 
0.82 9.14 0.80 9.5 
LUR+MT+STAT 1.00+(1.40x delta urban NOx  (urban-rural))+( 
.001xtraffic intensity on nearest street) + 
(0.025xpopulation density 100m)+( -0.046xglobal 
radiation)  
0.80 9.7 0.77 10.1 
HYBRID 2,92+ (0.67 x DM)+ (-.054xglobrad)+ 
(.0008 x traffic intensity on nearest street)+ 
(.015x population density 100m) +(0.99 x delta 
urban NOx  (urban-rural) 
0.89 7.15 0.87 7.6 
DM = dispersion modeled NOx estimates, MT = meteorological predictors, final models included levels of global 
radiation from continues monitoring, STAT = NOx levels from continuous monitoring, final models included 
delta urban NOx (urban-rural), LUR = land use regression data, final models included population density 
(calculated within buffers with specified radii) and traffic intensity. LOOCV = leave one out cross-validation  
a 
Coefficient of determination                                                                                                                                                                     
b
 Root mean square error 
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Supplementary Materials 
 
Can Dispersion modeling of air pollution be improved by land use regression? 
 
Supplementary Table 1. Levels of temporally defined variables in 2 week means corresponding to 
the 93 bi-weekly NOx observations and the predictor specific direction of effect 
 
Monitored data 
R2 a with 
monitored 
NOx 
Mean Std. 
Dev.      
Min Max Predefined 
direction of 
effect on NOx 
levels 
NOx (μg/m
3) 1 30.3 21.1 5.0 103.0  
Dispersion modeled NOx 0.82 18.0 15.1 3.2 68.0 + 
Rural NOx  (μg/m
3) 0.37 3.3 1.3 1.5 6.8 + 
Delta Urban NOx (μg/m
3) b 0.42 12.2 4.7 6.5 24.7 + 
Delta Traffic NOx (μg/m
3) c 0.10 102.8 14.9 81.0 132.4 + 
Global radiation (Kwh/m2 /24h) -0.43 122.4 85.4 4.8 252.3 - 
Eastern wind component 
(degrees°) d 
0.23 -0.12 0.3 -0.7 .5 ? 
Northern wind 
component(degrees°) d 
0.01 -0.1 0.3 -0.7 0.5 ? 
Wind speed (m/s /24h) -0.08 2.9 0.5 1.9 3.7 - 
Temperature  (°C /24h) -0.40 6.4 6.4 - 3.1 16.5 - 
Relative humidity (% /24h) 0.40 74.6 10.0 54.4 90.8 + 
 a 
Pearson correlation between 93, bi-weekly observations and temporally defined data                                                        
b
 (urban NOx-rural NOx)                                                                                                                                                                            
c
 (traffic NOx-urban NOx)                                                                                                                                                                         
d 
Eastern and Northern components represents eastern and northern winds calculated from wind direction 
data. In the LUR model, together with wind speed, wind vectors can be calculated. 
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Supplementary Table 2.  The degree of association (explained variance) between observed 
NOx levels and  predictors in the hybrid model as defined by the partial R
2 and predictor 
specific beta estimates and  Confidence intervals. 
 
 
Spatial and temporal predictors in 
the hybrid model 
 
 
 Partial R2 a β b CI b 
DM (μg/m3) 0.68 0.67 (0.48  -  0.85) 
Traffic intensity on nearest street 
Veh. day-1 
0.58 0.0007 (0.0006  - 0.0010) 
population density 100m  
(inhabitants/100m radius) 
0.53 0.015 (0.008  -0.023) 
Global radiation   (KWh/m2 /24h) -0.38 -0.05 (-0.07  -  -0.04) 
Delta Urban NOx  (urban-rural) 
(μg/m3) 
  
0.38 0.98  (0.42   -  1.55) 
 
a 
Partial R
2 
= the proportion of shared variance between observed NOx concentrations and separate predictors 
while controlling for other predictors in the regression 
b
 level of NOx per 1 unit change 
 
